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This thesis is concerned with testing models o f the infrared Hel 2 .058^ m /B r7  ratio as 
a function o f effective temperature in HII regions. This ratio is known to be sensitive to 
effective temperatures in the range T e / / =32-38,000K . Near-infrared observational data 
from ultracompact (U C) HII regions, compact HII regions and giant HII regions or the 
nuclei o f starburst galaxies is presented and analysed for this purpose.
Observations o f UCHII regions show that HII region models with an electron densities 
o f ne =  104cm - 3 , electron temperatures in the range T e= 5 ,000-10,000K and a Galactic 
helium abundance can reproduce the observed Hel 2.058 /im /B r7  ratios in these objects, 
subject to one condition. As the electron temperature is increased from T e=5,000K , 
microturbulence is incorporated into the model which counteracts the increase in the 
Hel 2.058 /¿m /B r7  ratio with electron temperature. Microturbulent velocities o f the order 
~20km s_1 are required at T e=10,000K, in agreement with observed radio recombination 
line and high resolution Hel and HI measurements.
Lower Hel 2.058/xm /Br7 ratios are generally found in larger objects classed as com ­
pact HII regions, consistent with lower electron densities or lower stellar effective tem­
peratures, or a combination o f both effects in such objects. Alternative electron densities 
have been calculated from radio continuum measurements and provide evidence to sug­
gest that electron densities are slightly lower in most o f the com pact HII regions than in 
the UCHII regions.
Detailed density gradient modelling of the Hel 2.058/rm /B r7  ratio has been per­
formed, which reveals the need for realistic density distributions and explicit integration 
over the volume o f the source when attempting to model specific HII regions. Accurate 
integrated electron densities or density gradients act as an alternative to m icroturbu­
lence to bring theoretical Ilel 2.058/xm /Br7  ratios into agreement with observations for 
electron temperature models higher than T e=5,000K.
Finally, a large sample o f starburst galaxies ale analysed. The Hel 2.058 /xm /Br7 
ratios are much lower than found in compact or UCHII regions consistent with the
proposal that the integrated Hel 2.058¿mr/Br7  emission is generally dominated by low 
density giant HII regions present in these galaxies. Effective temperatures derived from 
the Hel 2.058/rm /B ry ratio are consistent with those estimated from FIR fine structure 
lines. From consideration o f new models o f the Hel 2.058¿¿m /Bry ratio, the combination 
of optical HeI/H/3 data with Hel 2.058 /¿m /B ry observations extends the sensitivity of 
these model ratios to a wider range o f effective temperatures.
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1.1 HII regions-A basic description
By solving numerically the equation o f transport for hydrogen-ionizing photons, together 
with the condition for ionization/recom bination balance, Stromgren (1939) showed that 
spheres o f almost fully ionized gas should exist around hot 0  stars with a rather sharp 
transition to the outlying, almost fully neutral gas. Thus, the concept o f an HII region 
arose. His work was motivated in an effort to explain the discovery by Struve and 
Elvey (1938) o f ionized emission lines o f hydrogen in the Milky Way, as opposed to 
Eddington’s (1934) prediction that hydrogen is not ionized in normal regions o f the 
interstellar medium.
Writing this equation for ionization and recombination equilibrium in standard no­
tation:
/
O O  A ' j r  J
,  =  nenva {H ° ,T e) (1.1)
is the mean intensity o f radiation, and 47rJl//hi' is the number o f incident photons per 
unit area per unit time per unit frequency interval, a„(H °) is the ionization cross-section 
for a photon with energy hzz above the threshold fm0 and n^o is the neutral atom density 
per unit volume. The LHS of eqn 1.1 represents the number o f photoionizations per unit
1
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time per unit volume. ne and np are the electron and proton or ion densities per unit 
volume and a (II° ,T e) is the recombination coefficient, and the RHS of eqn 1.1 represents 
the number o f recombinations per unit volume per unit time. By integrating over the 
volume, the distance from the nebula at which the transition to np=0 occurs can be 
found.
The sharp transition is defined by the so-called Stromgren radius R5 given by:
Q (H °) =  ^ d u  =  ~ R 3sa Bnenp (1.2)
where Q(H °) is the number of ionizing photons per unit time emitted from the star, Lu 
is the luminosity o f the star and a B is the case B recombination coefficient (discussed in 
section 1.2.2). Stromgren further pointed out that these photons have energies greater 
than that required to merely ionize hydrogen, thus they could be important for heating
the gas.
The development o f HII region theory coupled with observations, in the radio in 
particular, led to the establishment o f an evolutionary sequence for HII regions. This 
was followed by a classification scheme by Israel (1967), based on electron density and 
diameter values for these objects.
In the initial stage, following the onset o f nuclear burning in one or more 0  or B 
stars, an ionization front (IF) is set up in the molecular cloud and an ultracompact 
(UC)HII region (class I, Israel 1967, see table 1.1) evolves. These regions are small (di­
ameter d<0.15pc), extremely dense (ne > 3 x l0 3cm - 3 ) and obscured in the optical as 
well as being optically thick at radio frequencies <  a few GHz. These objects were first 
discovered in the late 1960’s when resolutions comparable with UCHII region diameters 
were achieved with radio interferometers . These radio observations showed that HII re­
gions sometimes contained very compact (d < l  pc) components o f high emission measure 
(E M >106cm 6pc). The first completely convincing case became the isolated com pact 
HII region DR 21 (Ryle and Downes 1967).
UV photons cause rapid ionization and the energy excess heats up the gas to ~  
T e=10 K, about a factor o f 100 higher than the temperature o f the surrounding gas in
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the neutral molecular cloud (Spitzer and Savedoff 1950). This creates a large pressure 
differential, producing a rapid expansion. Cooling o f the gas is discussed in section 1.2.3.
The density o f the region decreases with time and a com pact HII region (class II, 
table 1.1) forms. The size o f a compact HII region lies in the range 0.1-1.0 pc and they 
have typical densities greater than 103cm -3  (table 1.1).
Observationally, there seems to be some overlap amongst authors, between objects 
classed as UCHII regions and compact HII regions, due to different source sizes measured 
for the same object. In this thesis, a sample o f UCHII regions are studied in chapters 2 
and 3. This sample is a subset o f the UCHII regions observed by W ood and Churchwell 
(1989) at 5 and 15 GHz. These objects fall into class I o f Israel (1967) with the excep­
tion o f the two core-halo sources in the sample which fall in class II (com pact sources) 
according to their diameters and electron densities, derived in chapter 5. In chapter 4, a 
sample o f compact HII regions selected from their measured source sizes at 1.4GHz by 
Zoonermatkermani et al. (1990) are studied; all these objects fall into class II.
As HII regions evolve, they disperse the surrounding gas and dust and are no longer 
fully embedded in their natal molecular cloud. Consequently, these objects are visible 
in the optical which leads them to be termed as classical HII regions (class IV, table 
1.1) e.g. the Orion Nebula, Sharpless objects (1959), e.g. S104, S162, because they were 
the first category o f HII regions to be observed. See Fich (1993) for a recent review o f 
properties o f these regions.
Assuming that the expansion velocity o f the compact HII region is comparable to the 
thermal sound speed o f 10 kms 1, the nebular size increases, the gas density drops and 
the nebula becomes a diffuse, extended or giant HII region (class V, table 1.1) after ~  104 
years. Diffuse, extended or giant HII regions are recognized by their larger diameters 
> a  few pc, and densities ne < a fe w x l0 2cm~3. The geometries o f these objects rs- 
rather more complicated. Observations and a discussion o f giant HII regions in external 
galaxies are presented in chapter 6. Such evolved HII regions appear to fit into one o f 
four structural types: rings, core-halos, smooth structures and irregular or filamentary 
structures. For further discussion o f these objects see Churchwell (1975, and references 
therein).
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Table 1.1: HII region classification scheme based on source diameters and electron den­
sities taken from Israel (1967).
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The rest o f this introduction deals mainly with UC and compact 1111 regions (the 
subject o f chapters 1 -5 ), first predicted by Davidson and Harwit (1967). These objects 
are deeply embedded in their parental molecular cloud, and thus are powerful far-infrared 
sources, since dust re-emits the UV radiation from the exciting stars at this wavelength. 
Thus, the main observable radiation from these objects will be at infrared and radio 
wavelengths. In this chapter the fundamental physics o f com pact HII regions is described, 
and the main observational results and modelling work are summarised. This framework 
is used throughout this thesis to determine the physical properties o f UC and compact 
HII regions. The basic physical processes are described in section 1.2 and a discussion 
o f modifications necessary due to dust is given in section 1.3. In section 1.4, previous 
results from radio and infrared observations are discussed and techniques for determining 
physical properties are sketched out. The modelling o f compact HII regions is the subject 
o f section 1.5 and models that are used in the context o f this thesis are introduced. 
Finally, in section 1.6, the aims o f this thesis, their relationship to previous work and 
the chapter contents o f this thesis are outlined.
1.2 The physics of ionized gaseous nebulae
The physics o f compact HII regions, dealt with in this thesis, concerns the nature of 
the hot OB powering stars, primarily the effective temperature, T e/f, and the physical 
properties e.g. electron densities, o f the envelope o f ionized gaseous material formed 
around these stars. The physical radiation processes discussed are restricted to those 
mechanisms which produce observable radiation from UC and com pact HII regions i.e. 
radiation emitted at radio and infrared frequencies. The emission from the ionized gas in 
IIII regions is produced from continuum and discrete processes principally: bound-bound 
transitions, free-bound transitions and free-free (Bremsstrahlung) transitions. Bound- 
bound transitions can only occur between discrete atomic levels, whilst in the other two 
processes one or both levels are in the continuum.
Chapter 1: Introduction 6
1.2 .1  C ontinuum  processes
Recombination o f electrons in the ionized plasma is followed by emission o f discrete 
photons in bound-bound transitions and also by emission o f continuum radiation in free- 
bound transitions. Since hydrogen is the most abundant element (90% by number), the 
HI continuum will be the strongest. Free-bound transitions, are strongest in the optical, 
but at infrared and radio frequencies the free-free continuum is dominant (Ferland 1980). 
Free-free or Bremsstrahlung radiation arises from emission o f  a photon by an electron 
which is accelerated in the vicinity o f an ion.
W ith the emphasis on dust enshrouded UC and compact HII regions, only infra­
red and radio continuum processes are discussed further. The infrared continuum in 
HII regions is produced by a combination o f mechanisms in addition to free-free tran­
sitions, e.g. thermal emission by hot small dust grains, which makes interpretation o f 
physical parameters difficult. Fortunately, the radio continuum is only produced by 
free-free transitions in HII regions. Thermal electrons have a characteristic black body 
spectrum, whose shape is given by the Planck function B „(T ). At radio frequencies 
B i/(T )~2iz2k T /c 2. The intensity o f the free-free radiation is found from solution o f the 
equation for transport o f radiation through matter i.e. the ionized plasma. The equation 
of radiative transfer is:
I„ is the intensity o f the radiation emitted from the source, k „= n a „ is the absorption 
coefficient, n is the number density o f absorbing particles and a  ̂ is the absorption cross- 
section; is the emission coefficient. Bi/(T ) can be defined as j^/k^. Further, the optical 
depth in a material (here an ionized plasma), tv , is :
If the gas is optically thin r  <1 , a photon o f frequency v  will travel a distance A s= s2- s 1, 
unhindered by the absorbing material. Conversely if the gas is optically thick t u > 1 , a 
photon o f energy v would be absorbed and re-emitted many times before travelling a
(1.3)
tu =  /  kuds (1.4)
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distance As. The optical depth for free-free radiation given by Mezger and Henderson 
(1967) is:
tu =  8.24 x 1(r 2T - l -35u - 2AE M  (1-5)
where T e is the electron temperature, and EM (pc cm 6) the emission measure. The 
free-free emission, S„, is given by the solution o f eqn 1.3 for no incident radiation:
S ^ B ^ l - e ^ )  (1-6)
Therefore for tv <1, the radio spectrum has a profile S„ oc u *2, whilst for tu >1, 
c - o.iS„ oc v .
Combining these last two equations it is seen that S„ is a function o f electron temper­
ature, T e, and emission measure, EM, which is in turn a function o f electron density, ne 
and source volume. For an assumed T e, the integrated electron density can be estimated 
from an observed radio flux density, S„, if the optical depth in the free-free continuum 
and the source diameter is known. The equations o f Panagia and Walmsley (1978), 
which use idealized density distribution models: (spherical, cylindrical, Gaussian or ho­
mogeneous density distributions), are used extensively to calculate mean or integrated 
electron densities in chapter 5, where effects o f density clumping and gradients are also 
discussed.
Rubin (1968b) formulated a relation between the free-free flux density for an optically 
thin plasma, S„, and the number o f ionizing photons produced from the star, i.e. NLyc 
the Lyman continuum photon flux. Thus, from an observed radio flux density, the 
number o f ionizing photons can be deduced if the electron temperature and distance to 
the source is known. Using stellar atmosphere models, e.g. Kurucz (1979), the effective 
temperature o f the exciting star(s) can then be estimated. NLyc can also be inferred 
from HI recombination lines, discussed shortly. Further, NLyc can be translated into a 
theoretical intensity for a given recombination line. This technique is described in section
2.4 and used in subsequent chapters to estimate the extinction to an HII region.
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1 .2 .2  R ecom b in ation  lines
Following recombinations or captures o f electrons into excited levels o f HI, bound-bound 
or discrete radiation is emitted by atoms undergoing radiative transitions in cascading 
down to the ground state. A recombination line spectrum of HI, Hel and other elements 
is observed in HII regions. The strongest recombination lines result from optical and 
infrared transitions. Recombination lines from high n-levels are seen in the radio, where n 
is the principal quantum number, which defines the system o f discrete energy levels within 
an atom. The formation o f recombination lines in hydrogen atoms is now discussed.
The important processes involved are captures leading to downward-radiative tran­
sitions and collisional transitions. Any collisional interaction must conserve both energy 
and angular momentum. Collisions o f excited atoms in high n-levels with protons, can 
cause a change in energy levels predominantly from n—>n ±l. Meanwhile, collisions with 
electrons redistribute angular momentum between L—>L±1 states within the same n- 
level. L is the orbital quantum number physically related to angular momentum. Colli- 
sional ionization becomes important in high n-levels (n>15) i.e. in radio recombination 
lines, above electron temperatures o f T e ~15,000K (Clegg, 1987), which is higher than 
generally assumed for HII regions.
The population in any level is given by a balance between arrivals: direct recombi­
nations, collisional transitions and downward spontaneous transitions versus departures; 
collisional transitions either upwards or downwards, and downward spontaneous tran­
sitions. The atom returns to its lowest energy state, emitting photons with discrete 
energies i.e. recombination line photons. For any recombination line, the emission co­
efficient, j „ ,  which represents the intensity, or total energy o f photons emitted in that 
transition, can be calculated. Effective recombination coefficients, a e/ / ,  for a transition 
are also often used where:
4 n junpnea e ff  =  ( 1 .7 )
Both these parameters are dependent on electron temperature, T e.
The population o f any nL level can be defined entirely in terms o f local plasma
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properties: proton and electron densities and electron temperature. To account for 
deviations from thermal equilibrium, departure coefficients, hnL, are introduced. In 
thermal equilibrium all hnL factors are equal to unity. To solve the emission line spectrum 
for HI, bn/ factors are calculated for each level. The most recent and most comprehensive 
work, which calculates a complete solution for the line intensities for an HI atom for 
several electron densities and temperatures, is that o f Hummer and Storey (1987).
The recombination process described so far, assumes that all line photons emitted 
in a nebula escape without absorption, and therefore without causing further upward 
transitions-case A (Baker and Menzel, 1938). Case A is a good approximation for gaseous 
nebulae that are optically thin in all HI Lyman lines, however, generally HII regions are 
optically thick to Lyman photons and case B o f Baker and Menzel (1938) applies. For 
case B, direct recombinations into, or cascades down to, the 1XS electronic state produce 
a Lyman continuum or line photon, which ionizes or excites another hydrogen atom close 
to the source o f emission. Thus, apart from Lyman emission by atoms at the edge o f 
the nebula, only photons produced by transitions between higher n-levels can escape. 
Case B is used in the derivation o f the Stromgren radius (eqn 1.2) and is a result o f 
the on-the-spot (O TS) approximation used (Zanastra 1951). In this approximation any 
ionizing photon emitted in the nebula is absorbed elsewhere in the nebula.
Calculation o f a complete series o f line intensities can be extended to the two-electron 
Hel atom which consists o f singlet and triplet levels. These two sets o f non-degenerate 
levels, meaning the energies o f different L states are different (unlike hydrogen), can be 
solved separately since all transition probabilities between them are small. The triplet 
levels always follow case B, because downward radiative transitions to 11S only occur by 
low-probability forbidden-line transitions. Forbidden lines are discussed in section 1.2.3. 
Effectively, the 23S level is the lowest term in the Hel triplet series since depopulation 
only occurs by forbidden transitions to 11S, or collisional transitions which are discussed 
above. Thus the lifetime of excited atoms in the 23S level is long compared with other 
excited levels, and this level is termed metastable. Hence, the 23S population is large 
and optical depth or self absorption effects in allowed transitions (23S -n3P), arising 
from the 23S level, may be important as densities increase. Robbins (1968) calculates 
self absorption effects in the Hel triplet series and the resulting decrease or enhancement
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of recombination line in the Hel triplet series.
In IIII regions, generally case B is a better approximation for the Hel singlets, however 
any Lyman photon emitted from the transition can instead be absorbed by
hydrogen. Smits (1991a,b) produces the most sophisticated model o f intensities in the 
Hel recombination spectrum to date.
In HII regions, collisional transitions in low n-levels o f III, are insignificant in com ­
parison with recombination and spontaneous transitions, in populating excited levels. As 
discussed above, in Hel the 23S level is highly metastable, and an atom in this excited 
state will collide with many electrons before it undergoes a forbidden transition to I S .  
Therefore, as the electron density increases there is a greater probability that an atom 
in the 23S level will be collisionally de-excited or excited to other n=2 or higher levels. 
These collisional processes couple the n=2 singlet and triplet series. Clegg (1987) de­
scribes a complete level population equation for the 23S level and Smits ( 1991a,b) solves 
the Hel recombination line spectrum for these populations, including these effects. A c­
curate collision strengths from n=2 to other n=2 and higher levels have been calculated 
by Berrington and Kingston (1987).
Once HI and Hel line intensities have been calculated, the ratio o f H el/H I lines can be 
used to predict effective temperatures o f the ionizing stars, since this ratio is a measure 
o f the number o f photons output by the exciting star(s) with energies capable o f ionizing 
helium, to those capable o f ionizing hydrogen.
Recombination line profiles are now discussed and then the section is concluded with 
a description o f emission line radiation which results from collisionally excited forbidden 
transitions.
Line shape
The natural line width A E c x (l /A t )~ A , arises from the uncertainty principle, where A 
is the spontaneous transition probability. The line shape has a characteristic Lorentzian 
or damping profile. Recombination lines are further broadened as a result o f thermal 
motions o f atoms in the ionized gas, whereby a photon emitted from an atom with
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frequency u will have a Doppler-shifted frequency v ' - u { l  +  V /c )  when absorbed by a 
neighbouring atom for a relative velocity V between the two atoms. The velocities of 
the moving atoms have a Maxwellian distribution and the thermal Doppler width is.
A „ 0  =  ^  (1.8)
A Une width is commonly quoted as a full width half maximum value, FW I1M , which is 
equal to 1 .66xA uD. The resulting Une profile has a Gaussian distribution. The thermal 
Doppler width o f hydrogen atoms is 12.9 kms 1, whilst that o f heUum is 6.4 kms at 
T„ =  10,000K. In contrast the natural line width is < 1  kms- 1 , therefore Doppler Une 
broadening dominates the natural Une width.
Further sources o f Une broadening may come from microturbulent motions i.e. tur­
bulent motions on scales comparable to the mean free path that a photon travels before 
it is absorbed by a neighbouring atom. Microturbulence is discussed in detail in chapter
2. Garay and Rodriguez (1983) postulate microturbulent motions o f order 30 kms-1 in 
UCHII regions, 20 kms-1 in compact HII regions and 15 kms-1 in extended HII regions. 
The absorption cross-section a0 is given by:
_  3A3 /  mHe \ 3A3A .
a° ~  8tt \2irkTe )  ~  87t3/ 2A I/£) 1 J
A is the wavelength o f the transition, A is the spontaneous emission coefficient, and A V p  
is the Doppler width. Any microturbulent broadening decreases the absorption cross- 
section in a Une and thus the optical depth in the Une (section 1.2.1). In section 1.2.2, 
optical depth effects in the Hel singlet series were discussed. Microturbulent motions in 
an HII region cause the emergent Hel recombination spectrum to shift towards case A, 
since the smaUer optical depth in the Hel Lyman transition results in a larger
fraction o f photons which photoionize hydrogen.
One further Une broadening process is impact or pressure broadening due to inter­
atomic coffisions, this Une profile is a lorentzian. GeneraUy, pressure broadening is not 
important in HII regions unless electron densities are high, ne >105cm - 3 .
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1 .2 .3  C ollisionally  excited  lines
The process o f photoionization continuously feeds energy into the gas. If there were no 
means o f losing this energy, the temperature would increase indefinitely. Therefore, this 
process must be balanced by cooling processes. In the infrared, for compact HII regions 
in molecular clouds, the most important cooling process is collisional excitation followed 
by radiative emission.
Collisional excitation is important in less abundant species such as 0 ,  N and S since 
the excitation energies from the ground state to higher levels, A E , are smaller than those 
of H and He. Every collisional excitation, expends the kinetic energy o f that electron by 
converting that energy into radiant energy, i.e. emission o f a optically thin photon, which 
cools the electron gas. Hence, these species are important coolants in a nebula. Other 
cooling processes are recombination and free-free emission in which radiation escapes the 
nebula.
Balancing populations for a simple 2-level atom, from Osterbrock (1989), the intensity 
o f the emitted line radiation is given by:
I  =  n2A 2xhv2x =  nenxqx2hv2l (1.10)
The populations in the upper and lower levels are denoted by n2 and nj respectively. A 21 
is the spontaneous transition coefficient for the transition, q12 the collisional excitation 
strength per unit volume from the lower to the upper level, and q21 the collisional de­
excitation line strength. The collisional excitation and de-excitation strengths are related 
by:
?12 =  ~ ^ ~ hU21' kTe (1-11) 
wi
The statistical weights for the two levels are wx and w2. In the low density limit ne —>0 
and the bracketed term in eqn 1.10 tends to unity. The intensity in the line will then be a 
function o f the density terms and collision strength. Every upward collisional transition 
is followed by a spontaneous transition and emission o f a line photon. The collision 
strength is a function o f electron temperature, q2i « i / T  l /2.
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As the electron density increases such that ne —»■ oo the line intensity becomes depen­
dent on the ratio o f the collisional excitation and de-excitation strengths, the spontaneous 
transition coefficient and the density in the lower level. A Boltzmann population ratio 
is set up; the two populations are in the ratio o f their statistical weights, eqn 1.11. 
Thus any collisional excitation leads to either a spontaneous transition and emission o f 
a. line photon or collisional de-excitation. As the density increases the probability of 
collisional de-excitation increases. For any given line there is a critical density, above 
which coffisional transitions dominate spontaneous transitions, defined as:
n =  ( 1.12)
ne?21
This analysis can be extended to many level systems within an atom; the ratios 
of two collisionally excited or forbidden lines are widely used as electron temperature 
and density indicators. If there is a sizeable energy difference between two collisionally 
excited lines these lines will be strongly dependent on T e. Tw o collisionally excited lines 
which have a small energy difference between them are dependent mainly on electron 
density.. This technique is further explained in chapter 5 in connection with electron 
density determination. The advantage is that the ratio o f a pair o f collisionally excited 
lines is independent o f the ionizing spectrum o f the stars in the HII region.
Now that the basic physical processes in a compact HII region have been discussed 
this next section explains how dust can modify the emitted radiation inside and exterior 
to HII regions.
1.3 Dust
As the stellar UV and optical radiation propagates outward from hot, young 0  or B 
stars, it is converted to increasingly longer IR wavelengths by repeated absorption and 
emission by circumstellar dust. The dust grains radiate like black bodies, characterized 
by the temperatures o f the grains, but modified by an emissivity law. Grain emissivity 
is a function o f wavelength with an index /3 between -1 and -2. The grain temperatures 
decrease with increasing distance from the star. For hot small grains surrounding the
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stars, T t/ ~400K and further out or beyond the nebula, ~20K . This is due to the 
increasing dilution o f the radiation field and decreasing ability o f the dust to absorb 
the increasingly longer wavelength radiation. At large enough distances from the star, 
the radiation is shifted to far-infrared (FIR ) wavelengths where dust is an ineffective 
absorber and the radiation escapes mostly as FIR emission.
In embedded dusty regions, the luminosity in the range 5-300 pm  is a good approxi­
mation to the total luminosity (Thronson and Harper 1979). If the distance to the source 
is known, continuum observations from IRAS (at 12, 25, 60 and 100qm ) enable the total 
luminosity of the source to be estimated. Luminosity measures can then be inverted to 
obtain estimates o f the effective temperatures o f the powering star(s) by use o f stellar 
atmosphere models e.g. those o f Kurucz (1979); see section 2.6.
Assuming that the dust is exterior to the HII region, the main effect o f dust is extinc­
tion o f radiation. Extinction is wavelength dependent and longer wavelength radiation 
suffers less extinction; at millimetre and radio wavelengths radiation is unattentuated by 
dust. The standard or W hitford (1958) interstellar extinction curve describes extinction 
as a function as wavelength. Draine (1989) has produced an extinction curve for wave­
lengths in the range 0 .7 -5 pm  which is described by a power law with index -1.75, which 
is in good agreement with the standard interstellar extinction curve at these wavelengths. 
The equation of radiative transfer (1.3) enables correction for extinction effects. For a 
pure absorber (ignoring scattering processes) the solution o f eqn 1.3 is:
I„  =  Iu0e - Tu (1.13)
where I ĝ is the intrinsic intensity emitted from the edge o f the HII region and Iu is the 
intensity o f radiation as seen by the observer. Two methods for calculating extinction 
are commonly used. Radio measurements, either continuum or line, are used to calculate 
the intrinsic intensity for a given line (see section 1.2.1). Alternatively, if two lines are 
considered, the differential extinction can be calculated by comparison o f theoretical and 
observed line ratios; application o f the interstellar extinction curve allows for correction 
o f lines o f other wavelengths. These calculations and further properties o f the named 
extinction curves are discussed in chapters 2 and 6.
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In reality, it is unlikely that HII regions are dust-free; dusty HII region models were 
first calculated by Mathis (1971) and Petrosian, Silk and Field (1972). A recent review 
on the subject is by Mathis (1986). Dust absorption peaks at energies or wavelengths 
near those required for the ionization o f hydrogen (Draine 1985). Ih u s dust absorbs 
hydrogen ionizing photons in preference to helium ionizing photons. As a result, the 
size of the Stromgren sphere is reduced in comparison to that o f a dust-free HII region 
excited by the same stars. In this case, extinction estimates calculated from eqn 1.13, 
which assumes purely foreground extinction will be inappropriate (see section 6.4).
1.4 Recent UC and compact HII region observations
1.4 .1  R adio  ob servation s-con tin u u m  +  line
Since the first compact HII regions such as DR21 (Ryle and Downes 1967) and W 49A 
(Mezger, Schrami and Terzian 1967) were discovered, many more have been discovered 
with the increasing sensitivity and resolution o f radio telescopes. However, the properties 
of only a few large well-known star formation regions such as Orion, M17, W 3, W 49 and 
DR 21 had been extensively studied until recently. The continuum surveys o f W ood 
and Churchwell (1989), Garay (1989) and Kurtz, W ood and Churchwell (1994) have 
identified a large number o f UC and compact HII regions and investigated their physical 
properties. There have also been a number o f radio continuum Galactic plane surveys 
of compact radio sources e.g. Downes et al. (1980), W ink, Mezger and Altenhoff (1982), 
Lockman (1989), Zoonermatkermani et al. (1990) and Becker et al. (1994). In addition 
to the UC and compact HII regions already identified, a large number o f these surveyed 
radio sources are potential UC or compact HII regions.
Important results concerning the geometry o f these HII regions were first discovered 
in the radio. HII regions had been assumed to be Stromgren spheres, due to their 
unresolved appearance with low resolution single dish radio telescopes. Well-resolved 
imaging revealed geometrical structures in a number o f UC or com pact HII regions 
which were clearly not spherically symmetric.
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The first o f these came to light with observations by Zuckerman (1973) who concluded 
that the Orion nebula lies on the edge o f a molecular cloud described as a bright, ridgelike 
core surrounded by a less bright envelope. The structure resembles a bubble, or blister 
o f ionized gas on the edge o f a molecular cloud (see fig 1.1). Since then, more blister 
HI1 regions have been identified e.g. M l7, 30 Dor (Icke, Gatley and Israel 1980). All 
these HII regions fall into class III and IV (see table 1.1) termed dense and classical HII 
regions; a number o f these objects are optically visible.
The first blister models were produced by Tenorio-Tagle (1979) and Bodenheimer, 
Tenorio-Tagle and Yorke (1979). When a star forms near the edge o f a molecular cloud, 
its IF moves outwards radially until it reaches the edge o f the molecular cloud. There it 
encounters the much lower density intercloud medium. The expansion proceeds prefer­
entially towards directions o f decreasing density i.e into the intercloud medium causing 
a partially bound ionized nebula out o f the cloud. This density gradient sets up a pres­
sure differential, driving material from the ionization bounded denser sides within the 
molecular cloud, into a conical volume streaming towards the density bounded directions. 
This is called the champagne flow phase. The resultant “ blister” structure is produced. 
The geometry o f such a HII region would be better represented by an axially symmet­
ric object (Rubin 1986). For a full description o f the dynamics o f this model see Yorke 
(1986, and references therein). Yorke, Tenorio-Tagle and Bodenheimer (1983, 1984) have 
extended these calculations to construct radio maps and line profiles from their models. 
Theoretical radio continuum (Icke et al. 1980) and line emission models (Rubin 1984) 
from such HII regions show qualitative agreement with observations. Recently, Baldwin 
et al. (1991) modelled the observed line emission, for a large number o f optical and near- 
infrared transitions, in Orion with a blister model and found satisfactory agreement with 
observations.
The surveys o f Garay (1989), W ood and Churchwefl (1989) and Kurtz, W ood and 
Churchwell (1994) detected a large number o f UCHII regions, amongst which shell­
like and cometary structures were common. To observe such number counts in the 
Galactic plane suggests that the lifetimes o f UCHII regions must be greater than 104 yrs 
(Ghurchwell 1990). However, assuming the expansion velocity o f an HII region is ~10 
kms the lifetime o f these UC and compact HII regions (Class I and II, table 1.1) is
17
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Figure 1.1: Blister HII region model by Bodenheimer, Tenorio-Tagle and Yorke, (1979).
expected to be only ~ 103yr. Therefore some process(es) must be hindering the expansion 
o f UC and compact HII regions.
One of the earliest known and best studied UCHII regions, W 3(O H ) shown in fig 1.2, 
has a shell-like morphology (Scott 1981, Dreher and Welch 1981). Three mechanisms to 
generate a central cavity and surrounding shell structure are outlined below:
a) The champagne effect which is described above. Such a model would result in an 
evacuated cavity and a bright rim o f ionized gas surrounding the ionization bounded 
sides o f the HII region. However, a gap in the rim or shell would occur where the 
HII region has expanded into the intercloud medium. This gap is inconsistent with 
observations o f shell structures (e.g. Turner and Matthews, 1984).
b) The effect o f radiation pressure on the dust which is coupled to the gas, driving 
material outwards to produce a shell. However, it is predicted that this shell should 
inevitably break up (Turner and Matthews, 1984).
c) The effect o f stellar wind which is the favoured explanation o f shell-like morphologies 
in UCHII regions. Strong stellar winds are produced in 0  and early B stars (A bbot and
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Hummer 1985). If a wind is produced during the UCHII region phase, it will sweep up 
material and create a central cavity in the ionized gas.
The latter two mechanisms could explain the prolonged lifetime o f UCHII regions with 
shell morphologies. Because HII regions evolve rapidly they may not be in equilibrium. 
An outer shell o f gas and dust (a remnant o f star formation) which may still be collapsing 
inwards is stopped by the radiation pressure o f the star or ram pressure o f its stellar 
wind, thus maintaining the shell cavity in the centre. This infalling gas would slow the 
expansion of the ionized gas, extending the life o f a UCHII region. Evidence for infall 
from observed OH maser radial velocities, is given by Reid et al. (1980) and Garay, Reid 
and Moran (1985). W ood and Churchwell (1989) observe many HII regions with shells 
and cometaries which seem to have central cavities or holes in the ionized gas. It is 
unlikely so many objects would be seen if they were not supported by a stellar wind or 
radiation pressure on dust within the HII region.
An alternative model, has recently been proposed to explain both the extended life­
time and the cometary appearance o f a substantial fraction o f these UCHII regions. This 
cometary structure o f G34.26 is shown in fig 1.3. As for the shell-like morphologies, a 
stellar wind is required to maintain a central cavity. The longer lifetimes o f cometary 
UCHII regions is inconsistent with blister models. Bow shock models (see fig 1.4) which 
explain the cometary morphology are favoured by W ood and Churchwell (1989).
In this model, the embedded 0  stars are in motion relative to the ambient molecular 
cloud and have formed a neutral molecular bow shock supported by a stellar wind from 
the ionizing star. A bow shock would provide a dense medium which would halt the 
IF in the forward and perpendicular directions o f motion, causing the HII region to be 
confined in these directions, producing the cometary structure observed (see fig 1.4). In 
the vicinity o f the bow shock, the ram pressure produced by the ambient molecular gas 
flowing around the bow shock, due to the star’s motion through the molecular cloud, is 
balanced by the stellar wind pressure on the ionized gas; thus the nebula is static. This 
model could plausibly increase the lifetime o f an HII region in its ultracompact phase to 
be consistent with the numbers observed in the Galaxy (W ood and Churchwell 1989). 
Furthermore, Mac-Low et al. (1991) have produced bow shock models that can explain
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Figure. 1.2: A radio continuum map of W 3(O H ) from Dreher and Welch (1981), showing 
the shell-like appearance of this object.
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Figure 1.3: A 15GHz radio continuum map o f the cometary UCHII region G34.26 by 
Wood and Church well (1989).
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Figure 1.4: Bow shock HII region model from Clmrchwell (1990).
not just the cometary, but all the other observed morphologies, except for shell-like 
structures, seen in UCHII regions.
One further explanation of the longer UCHII region lifetimes is that by Hollenbac.li, 
Johnstone and Shu (1992) which predicts that UCHII regions are the result o f flows 
from photoionization of accreting disks around 0  stars. The UCHII regions are long- 
lived because they are constantly being replenished by material from the accretion disk. 
A stellar wind may or may not be present.
Radio recombination lines
Over the past decade very sensitive, observations o f radio recombination lines (R R L ’s) 
using high angular resolution synthesis telescopes have, been available. R R L ’s result from 
transitions between high n levels; their physics is complicated by stimulated emission, 
collisional ionization and pressure broadening processes. The advantage, o f studying radio 
recombination lines is that they are. unaffected by extinction. In the. radio, the continuum
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is not weak in comparison with the line radiation and must be included when predicting 
line intensities. Radio measurements are described in terms o f brightness temperatures, 
T 6„, where
Tiv =  Te( l  -  e - T*) (1.14)
The line to continuum brightness temperature ratio yields the electron temperature in a 
nebula. Typical electron temperatures o f T e=5-12,000K  are found in HII regions (W ink 
et al. 1982). Radio measurements o f electron temperatures in HII regions first showed 
an abundance gradient from the center o f our Galaxy (Churchwell and Walmsley 1975, 
Viner, Clarke and Hughes 1976). Such an abundance gradient had been found from 
optical studies in other galaxies {e.g. Aller 1942) but extinction towards the center of 
our Galaxy had hindered such observations. By combining observations o f  two or more 
R R L ’s electron densities can be estimated. Very high n-transitions cannot not be used 
because pressure broadening will be important.
The central velocity o f a line can be used to determine the distance to the nebula (see 
section 4.5.3) and maps o f large systematic motions o f the gas throughout the nebula 
can be constructed. The width describes broadening processes on m icroscopic scales 
in the gas e.g. microturbulence. From the maps o f velocity structure o f  R R L ’s, Garay, 
Rodriguez and van Gorkum (1986), showed evidence for expansion in several UCHII 
regions. Garay and Rodriguez (1983) found the line widths o f compact HII regions to 
be considerably broader than those o f diffuse HII regions and concluded that the larger 
widths in UC and com pact HII regions are due to turbulent motions.
Millimetre recombination lines arising in lower n levels have been measured by a num­
ber o f authors, e.g. Sorochenko et al. (1969), Waltman et al. (1973) in Orion. Recently, 
Gordon and Walmsley (1990) and Forster et al. (1990) have extended observations o f 
millimetre lines to a number o f HII regions. Millimetre observations are also unaffected 
by extinction and not generally complicated by stimulated emission processes or pressure 
broadening. Like other recombination measurements o f radio and millimetre H el/H I line 
strengths can be used to predict helium abundances.
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1 .4 .2  Infrared O bservation s
In 1970, Low and Aumann (1970) reported the detection o f large far-infrared continuum 
fluxes from M17. A short time later, Harper and Low (1971) showed that intense far- 
infrared emission was a common characteristic o f compact HII regions. Many HII regions 
could radiate much o f their energy at wavelengths around 100 pm , this energy being that 
o f the central star re-radiated from cool dust in and around the HII region. Further, a 
very strong approximately linear correlation was found between the integrated radio and 
FIR flux densities from Galactic HII regions (Harper and low 1971). This correlation 
suggests that it is the 0  stars that are the main source o f energy input into the grains. 
This correlation between the total luminosity and the radio continuum has been used 
as a diagnostic o f spectral type for a single main sequence star or cluster o f stars (e.g. 
Jennings 1975); both quantities measure effective temperatures o f single stars and the 
combination o f the two quantities reveals cluster temperatures (see section 2.6).
The IRAS mission provided FIR continuum spectra for a large number o f HII regions 
identified from radio measurements. From near-infrared, IRAS and millimetre observa­
tions (see Chini, Kriigel and Wargau 1987), and sub-millimetre observations (Hoare, 
Roche and Glencross 1991), it has been shown that the energy distributions o f com pact 
HII regions are all similar. This is because when the dust cloud is optically thick in 
the near and mid-infrared then the emergent spectrum is insensitive to effective tem­
peratures o f the exciting star(s). The observed energy distribution depends mostly on 
the column density o f dust, its optical properties and density distribution (Hoare et al. 
1991). Approximately, for an HII region o f constant density ne =  104cm ~3, the emission 
above 100 pm. comes from cool dust around the ionized nebula, ~20 pm  from the warm 
dust in the HII region, at ~5/um  only from very hot grains near the star, and below 
~ 3  pm  free-free and bound-free transitions from the gas are the main emission mech­
anisms. An increase in density shifts the maximum o f the IR emission towards shorter 
wavelengths, because the radius o f the HII region shrinks and the grains are closer to 
the star and therefore hotter. Mid-infrared imaging o f the warm dust in several UCHII 
regions carried out by Ball et al. (1992) and Keto et al. (1992) is in agreement with this 
picture. Kriigel and Mezger (1975) developed models o f IR emission from warm dust
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surrounding 0  stars. In these models a single grain size was used. These models have 
been superceded by models that use a distribution o f grain sizes. Recently, Chini et al. 
(1986), Iloare et al. (1991) and Churchwell, Wolfire and W ood (1990) have produced 
models o f the IR dust emission associated with UCHII regions.
Whilst continuum far-infrared measurements are diagnostics o f the dust in and sur­
rounding HII regions, infrared line radiation emanates from forbidden and permitted 
transitions in the ionized plasma. One infrared line feature due to dust is the broad 
9 .7pm  absorption feature, attributed to silicate grains, and is often seen in HII regions 
(Jourdain de Muizon, Cox and Lequeux 1990, Simpson and Rubin, 1990). The optical 
depth in this feature has been related to the extinction in a nebula (e.g. Roche and 
Aitken 1984). A  number o f polycyclic aromatic hydrocarbon (PAH) features have also 
been detected (Jourdain et al. 1990).
Permitted HI bright transitions o f the Paschen, Brackett and Pfund series are seen 
in the near infrared. The Hel 2.058pm , 21P -2 1S, transition is observed if there is 
considerable optical depth in the singlet Lyman series (e.g. Thompson and Tokunaga 
1980), the case B assumption for Hel (section 1.2.2). The equivalent triplet Hel 1.083/rm, 
23P -2 3S transition is bright since the 23S level is the effective ground state for the triplet 
series (section 1.2.2). Forbidden transitions o f heavier elements are rife in the infrared. 
Lacy 1981, summarizes the infrared observations up to then, o f near to far-infrared 
emission lines in HII regions.
More far-infrared forbidden lines have been detected since airborne observations have 
been made, e.g. by the Kuiper airborne observatory, as the atmosphere is mostly opaque 
for wavelengths between 30-300 pm  from the ground. The far-infrared fine structure 
lines [OIII] at 52 and 88 pm  and o f [SIII] at 19 and 33 pm  have been used as density 
diagnostics in HII regions (see e.g. Megeath et a l, 1990 and references therein). These 
lines are sensitive in the ranges ne=103-1 0 4cm - 3 . This procedure is outlined in section 
1.2.3. and discussed in section 5.2. Any two line pairs are sensitive only within a range of 
electron density, therefore measurements from different line pairs may represent electron 
densities in different ionized zones. Rubin et al. (1994) give maximum sensitivities for 
different lines.
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The excitation, or level o f ionization, o f a region is best determined by comparison o f 
lines of several ionization states o f an element. The mid-infrared lines o f [Nell] (12 .8^m ), 
[Ar III] (9.0/zm ) and [SIV] (10.5 pm ) are observable from the ground and their ratios 
have been used by Lacy et al. (1979), Rank et al. (1978), and Lacasse et al. (1980) to 
estimate effective temperatures in the HII regions Sgr A , G333.6 and G298.2 and W 3 
respectively. Recently, Simpson and Rubin (1984), Hoare et al. (1991) and Colgan et al. 
1991 have used these techniques on some or all o f the UCHII regions G29.96, G45.12, 
G75.84 and W 3A. Such lines can also be used to set limits on elemental abundances o f 
these ions; this technique is described and used by Herter et al. (1981) and Simpson and 
Rubin (1990).
1.5 HII region line strength models
Any HII region model must incorporate the physical processes described in section 1.2 
and must reproduce the ionization structure and line strengths. In the following sequence 
these models must :
a) solve the equations o f ionization and thermal balance for a range o f stellar tempera­
tures incorporating the physical processes described in section 1.2, e.g. Rubin (1968a).
b) for a range o f effective temperatures, T eyy, calculate the emergent spectrum o f  the 
ionizing flux and hence a total number o f ionizing photons, NLyc. Widely used stellar 
atmosphere models are those by Kurucz (1979).
c) then solve the equation o f radiative transfer, for tabulated frequencies in stellar atm o­
sphere models, radially outwards to the edge o f the nebula. Gaseous properties o f the 
nebula, i.e. electron temperatures, densities and abundances are input into this calcula­
tion and hence emergent line fluxes calculated.
Resultant fluxes can be compared to observations. The following model parameters 
are then adjusted to obtain the best match the observations: elemental abundances 
(initially assumed Solar), the geometry, the density distributions and/or clumping factor, 
and the spectral distribution o f the stellar ionizing flux i.e. the effective temperature.
Uncertainties occur because o f difficulties in calculating atomic data for the complex
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heavier elements. A general conclusion from models o f Iill regions is that they do not 
show the high degree o f ionization in the forbidden lines that is predicted for the hot 
0  stars whose presence is deduced from radio observations (Herter, Heifer and Pipher 
1983; Rubin, Hollenbach and Erickson, 1983; Simpson and Rubin, 1984). Either the 
stellar atmosphere models are not accurate or dust internal to the HII region is affecting 
the emergent spectrum. A bbot and Hummer (1985) find that mass loss through strong 
stellar winds, a property o f all O and late B stars, affects the emergent spectrum and 
should be considered in stellar atmosphere models. Observational uncertainties arise 
mainly from extinction corrections.
Much work on HII region modelling stems from early papers by Hjellming (1966) 
and Rubin (1968a) who developed the technique for detailed numerical modelling o f HII 
regions. The equations o f ionization and thermal equilibrium were solved iteratively and 
Rubin (1968a) allowed for an arbitrary radial density distribution. For a full descrip­
tion o f this spherically symmetric model see Rubin (1968a) who calculates the emission 
coefficient for a number o f optical and far-infrared lines as a function o f radius. Dust 
was incorporated later by Balick (1975) and Sarazin (1977). Recent models including 
detailed modelling o f heavy elements have been made by Staniska (1982) and Rubin 
(1985) who list predicted line fluxes for a number o f different models.
After blister HII regions were discovered observationally (Zuckerman 1973), and con­
tinuum modelling commenced (e.g. Icke et al. 1980), modelling o f line fluxes from such 
HII regions was initiated by Rubin (1984). In Rubins’ (1984) model the geom etry/density 
distribution simulating an HII region blister model, near the edge o f a molecular cloud, 
was represented by an exciting source embedded within an exponential density gradient 
perpendicular to the plane parallel configuration. As in his spherical models (Rubin 
1968a), line fluxes for the brightest transitions o f ionized species o f H, C, N, 0 ,  Ne, S 
and Ar in the optical and infrared were calculated.
Other papers have focused on deciphering physical properties o f  specific nebulae, 
particularly effective temperatures and element abundances as discussed in section 1.4.2.
Other theoretical models to be mentioned are those by Evans and Dopita (1985). 
They have computed an extensive grid o f photoionization models with conditions ap-
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popriate to observed HII regions. Their models are spherically symmetric with uniform 
density, uniform filling factor, and an empty zone surrounding the source i.e. a shell-like 
structure. They have applied these models to produce diagnostic diagrams o f effective 
temperatures o f HII regions from the prominent optical emission lines observed. Rubin 
et al. (1994) have similarly produced diagnostic T ej j  diagrams for the [S III] (1 9 //m ) /[0  
III] (52 pm ) and [NIII] (57/zm )/[N II] (122 or 205 pm ) line pairs, using the Rubin (1985) 
models discussed above.
Recently, a sophisticated photoionization code CLOU DY (see Ferland 1993) has be­
come available for general use. Although this code was initially designed for modelling 
active galactic nuclei, it is adaptable to HII regions. It has the capacity to predict the 
line intensities o f roughly 500 lines; parameters to be specified, as above, are the shape 
and intensity o f the incident continuum, and the chemical composition and geometry 
o f the gas, including its radial extent and density distribution as a function o f radius. 
Baldwin et al. (1991) used this code to model Orion as a blister HII region and calculate 
its physical properties.
1 .5 .1  H e l 2 .0 5 8 /x m /B r 7  m od els
Doyon, Puxley and Joseph (1992, hereafter DPJ) have attempted to simply model the 
Hel 2.058/rm /B r7  ratio in order to make effective temperature predictions. The atomic 
data for helium and hydrogen are well established, which is not the case for heavier ele­
ments. Thus, interpretation o f  any H el/H I ratio will be subject to smaller uncertainities 
in atomic data. The ratio o f H el/H I measures the relative volumes o f the two ionized 
zones; the H el/H I ratio increases strongly with effective temperature until the two zones 
become coincident at an effective temperature o f T ej j  ~38,000K (see section 2.5.1). 
This ratio is also a function o f electron temperature and density and helium abundance. 
Any dust interior to the HII region will preferentially absorb hydogen ionizing photons, 
therefore the effective temperature at which the two ionized volumes become coincident 
is lower.
The Hel 2.058 pm  fine appears as a bright transition in HII region spectra that are 
optically thick to Hel Lyman photons (Treffers et al. 1976, W ynn-W ilham s et al., 1978,
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Thompson and Tokunaga, 1980); this is the case B assumption for singlets.
DPJ have calculated these line strengths simply for a spherical HII region; specifi­
cally, the solution o f the equation o f radiative transfer has been acheived using the OTS 
approximation (section 1.2.2). However, their resulting ionization structure is in good 
agreement with that predicted from Rubin (1985) who solves the equation o f radiative 
transfer fully.
Geballe et al. (1984) first pointed out the importance o f the neutral H e/H  fraction 
and the resultant Hel 2.058/xm line strength as effective temperatures increase. Shields 
(1993, hereafter Shields) models the Hel 2.058 p m /B rq  ratio taking account o f this effect. 
He uses the elaborate CLOU DY (see Ferland 1993) code and solves for radiative transfer 
at each point in the nebula for spherical symmetry and plane parallel assumptions. 
Kurucz model atmospheres were used by both authors.
Further details and modifications o f the DPJ models are given in chapter 2; Shields 
models are described fully in chapter 4. Both models are used extensively throughout 
this thesis.
1.6 Thesis aims and outline
The aim in this thesis is to test these models with observations o f HII regions. To this 
end, near-infrared spectra o f the Hel 2.058 pm  and Brq recombination lines have been 
taken in samples o f UC and compact HII regions. As discussed above, the emphasis is 
towards analysis o f samples o f UC and compact HII regions, where geometries are not 
so complex in these younger unevolved objects and simple spherically symmetric models 
may be more respresentative. Near-infrared measurements are advantageous for such 
embedded objects since extinction estimates are less important than for shorter wave­
length observations (see section 1.3), and sensitive infrared instruments have recently 
become available. Using these observations it is hoped to fully calibrate the models o f 
the Hel 2.058/¿m /B rq ratio vs. T ej j .  Other processes not examined in the models e.g 
colhsional excitation (DPJ models), microturbulence and varying density distributions 
are investigated in order to constrain these models fully. Effective temperatures can be
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translated into masses o f stars in HII regions. Once this is acheived, predictions as to 
the upper mass limit o f the IMF can be made both in our own and other galaxies.
Chapter 2 compares UCHII region observations o f the Hel 2.058/rm /B r7  ratio with 
models, and makes predictions about gas properties and motions. In chapter 3, these 
predictions are tested further by using observations o f the Hel 2.113^m  blend for the 
same UCHII region sample. Compact HII regions are studied to examine the accuracy 
o f the models used at lower electron densities in chapter 4. Alternative electron density 
calculations from radio continuum measurements are the subject o f chapter 5, together 
with a discussion o f the effect o f different density distributions on the modelled Hel 
2 .05/rm /B r7 ratio. Starburst Galaxies are the subject o f the penultimate chapter in this 
work. Observations o f the Hel 2.058/rm /B r7  ratio are compared to H el/H I observations 
in the optical and a new method o f estimating effective temperatures is outlined. The 
final chapter is dedicated to summarising the conclusions drawn from each chapter and 
making suggestions for future work.
Chapter 2
The Hel 2.058/um/Br7 ratio — 
Ultracompact regions
2.1 Introduction
In this chapter, UCHII regions which are the least evolved, and therefore geometrically 
less complex than compact or diffuse HII regions, are studied. The aim in this and 
the following chapter is to examine the dependence o f the Hel (2 1P -2 1S) 2 .058pm 1 to 
HI Br7  2.165/rm1 ratio on effective stellar temperature for less complex, unevolved HII 
regions in our own Galaxy, and to quantify modifications to the ratio due to density, 
and line and continuum radiative transfer effects. This ratio in HII regions has been 
modelled by DPJ and is a measure o f the relative number o f helium to hydrogen ionizing 
photons, which is strongly dependent on the effective temperature o f the exciting source 
and hence on its mass. This strong mass dependence means that the Hel 2 .058¿¿m/Br7  
ratio integrated over the stellar population should be a strong function o f the upper mass 
limit, M u, o f the initial mass function (IM F) whilst remaining fairly insensitive to the 
lower mass limit, M l (D PJ).
Other transitions, such as the mid-infrared fine structure fines [SIV] A10.5/™i, [Arlll] 
A9.0/rm and [Nell] A12.8^m (Aitken et al. 1982), and the optical fine structure fines 
JThe wavelengths are quoted in air.
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[OIII] AA 4959, 5007 and II¡3 (Campbell, Terlevich and Melnick 1986), have been used 
as similar diagnostics to constrain stellar effective temperatures. Advantages o f the Hel 
2.058¿¿m/Brq line ratio are as follows: (i) both lines are close in wavelength and lie in 
the K window where dust extinction is an order o f magnitude smaller than at visual 
wavelengths, (ii) the lines are intrinsically bright, the Hel 2! P level being boosted by 
the l aS - 2aP 0.0584pm  resonance line transition, and (iii) the variation in the helium 
abundance throughout the interstellar medium is less dramatic than that o f the heavier 
elements e.g. Rayo, Peimbert and Torres-Peimbert (1982).
In this chapter, observations o f the Hel 2.058/rm /B rq ratio in a sample o f UCHII 
regions are presented in order to examine radiative transfer and density effects on the 
theoretical models. Section 2.2 describes the observational details; sections 2.3 and
2.4 examine the corrections for the effects o f telluric absorption on the Hel line flux 
and dust extinction towards each source, respectively. In section 2.5 the theoretical 
models are described and the effects o f collisional excitation and internal dust on the 
Hel 2.058 pm /B rj ratio are discussed. In section 2.6 the results o f the observations o f 
UCHII regions are compared with these models.
2.2 Observations and Data Reduction
The UCHII regions observed and their equatorial coordinates are given in table 2.1. They 
were selected from an extensive VLA survey at 5 and 15GHz by W ood and Churchwell
(1989) so as to sample the range o f spectral types o f the ionizing stars for UCHII re­
gions, namely 0 4  to B l. Infrared spectra o f the UCHII regions were obtained on the 
3.8m United Kingdom Infrared Telescope (U KIRT) on the nights o f 1990, Sept 2 and
3. Observations were made with the cooled grating spectrometer CGS2 using a circular 
aperture o f 5". CGS2 is a linear array o f 7 detector elements. The 633 lines/m m  grat­
ing provided an instrumental resolution at 2.2pm  o f ~  730, or 400 kms- 1 , where the 
resolution is set by the size o f the detector element. Wavelength coverage is obtained 
by changing the grating position; the on-chip exposure time was 1.5 seconds for each o f 
the 21 grating positions which covered the range 2.0 to 2.2 pm . At each grating posi­
tion, three sub-spectra were taken, each obtained by stepping the grating slightly. These
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sub-spectra were then combined to produce the properly sampled final spectrum. The 
observations were sky subtracted by nodding the telescope 30-40 arcsec off the source, 
to a position determined from previous infrared imaging by P. Puxley using IRCAM  (see 
section 4.2.2) so as to be free o f emission from surrounding sources. Bright Ar and Kr 
lines o f known wavelength were used to calibrate the wavelength scale.
Subsequent observations were obtained on the night o f 1991 June 23 with the newly 
commissioned cooled grating spectrometer CGS4 (Mountain et al. 1990), the first spec­
trometer with a two dimensional array on UKIRT, and the most sensitive near infrared 
spectrometer on any telescope to date. The dimensions o f the array are 58x62 3 .1"x3 .1  
" pixels. Therefore CGS4 has the capacity for much greater wavelength coverage than 
CGS2, with the one grating position. CGS4 is also a long slit spectrometer, 30 spatial 
detector rows are normally illuminated providing a long slit o f 92", and this instrument 
operates in the wavelength range 1-5 pm.
CGS4 uses an internal calibration unit containing a number o f arc lamps that were 
used for wavelength calibration and a black body continuum source for flat-fielding. 
At 2.2 pm  the resolving power o f CGS4 with the 75 lines/m m  grating and 150mm focal 
length camera is ~  340, or 900 kms- 1 . W ith this configuration it is possible to observe the 
whole Iv band (2.0-2.4/um ) window simultaneously without changing grating position. 
Other gratings are available, in particular high resolution spectroscopy is possible with 
the echelle which has a resolution o f ~40 kms-1 at 2.2pm  and coverage o f  0.015/rm 
at this wavelength. The latter configuration was used to obtain the high resolution 
spectrum o f G29.96 in fig 2.4. To ensure that the spectra were fully sampled, the 
detector was stepped 4 times over 2 pixels for the wavelength range 2 .0 -2 .4 pm. This 
over-sampling also enables rejection o f bad pixel data. By sliding along the slit, offset 
positions o f 30 arcsec W  were used for sky subtraction. The spectra were flat-fielded by 
observation o f a black-body at 1073 K, taken with the same instrumental configuration 
as the astronomical targets. Wavelength calibration accurate to 0.002^m  was carried 
out using observations o f atmospheric OH emission lines here since no arc spectra had 
been taken. After ratioing with standards, as described below, the final spectra were 
obtained by summing spatially the central 5 detector rows along the slit to give a 3.1 X
15.5 arcsec2 synthesised aperture.
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G5.48 17 55 58.65 -24 20 43.24 14.3
G5.97 18 00 36.44 -24 22 53.74 1.9
G15.04 18 17 31.68 -16 12 57.94 2.1
G29.96 18 43 27.07 -02 42 36.46 9.0
G35.20 18 59 14.05 01 09 03.12 3.2
G43.89 19 12 02.82 09 17 19.10 10.3
G45.07 19 11 00.42 10 45 42.87 9.7
G45.12 19 11 06.24 10 48 25.82 9.5
Table 2.1: UCHII region sources with equatorial co-ordinates.
Name Equatorial Coordinates 
a(1950) ¿(1950)
K mag Spectral Type
BS 6746 18 02 34.5 -30 25 46.5 0.66 KOIII
BS 6798 18 08 16.8 -19 51 16.3 A4V
BS 7314 19 14 38.2 38 02 41.6 1.66 KOIII
SAO 104272 18 53 53.7 18 02 29.0 K2I
SAO 104728 19 17 32.0 11 26 28.6 A2
Table 2.2: Standard stars observed for calibration.
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2 .2 .1  C G S 4  and D a ta  R ed u ction
General infrared spectroscopic techniques and those specific to CGS4 are now described. 
Dark, flat and arc spectra are generally taken at the beginning and end o f the nights 
with the same configuration as the object spectrum for calibration purposes.
Dark frames are taken with the array blanked off, using the same exposure time as 
the source, to enable subtraction o f the correct amount o f dark current which builds up 
in the detector during that length o f exposure.
Flat frames measure the relative responses, referred to as the gain, o f each pixel in 
the detector array. Division by this “ flat-field” then removes these intrinsic pixel-to-pixel 
variations which are a function of wavelength. For infrared imaging, blank sky frames 
are used to produce a flatfield (c.f. IRCAM  section 4.2.2). For spectral observations, sky 
lines render the use o f blank sky observations unfeasible for flatfielding. For linear array 
spectrometers, this underlying pixel-to-pixel variation is removed by ratioing the object 
with a standard star. However, for CGS4, each o f the 3.1" X30 spatial rows would have 
to be treated in this fashion and therefore for practical purposes, a black body source, 
which uniformly fills the slit, as described above, was used.
At infrared wavelengths, sky spectra (or frames) must be taken at regular intervals 
for removal o f temporal variations o f OH lines (scale o f ~10 minutes, Ramsay, Mountain 
and Geballe 1992), from each object spectrum.
Bright spectral line sources, commonly arc lamps, are used in the near-infrared for 
wavelength calibration. Standard stars are used for flux calibration and correction for 
atmospheric absorption and instrumental response. Before these techniques are descibed 
in detail, a discussion o f the reduction procedure involved with CGS4 is carried out.
CGS4 has an automatic data reduction system which combines the four “ integra­
tions” , as defined by the sampling procedure (section 2.2), at each half pixel position 
to produce an “observation” . The dark observation is then subtracted from the flat, 
the spectral shape o f the black body and filter profiles are removed by a polynomial fit, 
and a normalised flat spectrum produced. A  bad pixel mask is also applied to flag any 
bad pixels; henceforth these pixels are ignored by the data reduction system. All arc,
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sky, standard star and source observations are then ratioed by this flatfield to produce 
“ reduced observations” .
To calculate errors correctly, manual data reduction was continued hereafter to pro­
duce fully calibrated data using Figaro software routines (Shortridge 1991). W ith one
be
dimensional spectrometers, the data would then coadded, but with CGS4 this procedure
■ \
is more complex because o f the spatial extent o f the array and a few more stages are 
required before co-addition o f the data. Briefly this involves sky subtraction, object row 
extraction and de-rippling.
For the galaxies and HII regions observed, the emission was not extended outside 
three rows either side o f the central spatial row in the array. Therefore, sky observations 
were made by sliding ~10 rows or 31" along the slit. This doubles the on-source exposure 
time and also reduces observation overheads by avoiding the need for imaging the sky 
to find offset positions (see section 4.2.2). Equal consecutive integrations on the object 
and the sky are carried out, and the sky subtracted from each object row integration. 
Any residual sky lines are removed by polynomial fitting. Each object-sky observation 
is extracted and stacked together in a separate image to obtain one image o f a series o f 
object-sky spectra at the same spatial position. Ripples are removed if necessary at this 
stage. Rippling effect are a product o f the object moving in and out o f the slit between 
integrations, caused by seeing effects or windshake o f  the telescope. Thus, when the 
four integrations are combined a periodic ripple pattern appears on the spectrum due to 
different absolute flux levels with each integration. This is corrected for by producing a 
template o f the ripple spectrum from an area o f the continuum which exhibits a clear 
ripple pattern; this pattern is extended to cover the spectrum and the resulting template 
formed. Division by the template spectrum should leave a ripple free spectrum. The 
spectra are then coadded so all the information is contained in a single spectrum.
Lastly, wavelength calibration and ratioing by standard stars is performed. As dis­
cussed above, commonly arc spectra are taken to calibrate the wavelength scale. The 
conventional method for correction o f the instrumental response and atmospheric absorp­
tion is to divide the object spectrum by that o f a standard star, and then to multiply by 
a black body with effective temperature appropriate to that o f the spectral standard so
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as to remove the coarse spectral shape o f the star. Spectroscopic standards (those per­
taining to the UCHII regions observed are listed in table 2.2) are generally observed at 
regular intervals between source observations so that airmass variations are minimal. For 
all K band observations presented in this thesis A-type stars were chosen where possible, 
because, apart from their Br7  absorption lines at 2.165^m , they have featureless spectra 
in the K window. Such Br7  absorption lines can be removed from the stellar spectrum 
by interpolation. If not already known, the magnitude o f the spectroscopic standard can 
be determined by comparison o f its spectrum with that o f a flux standard, observed on 
the same night and close in airmass. Flux calibration techniques are described further 
in section 4.2.1.
However, the Hel line lies amidst strong C 0 2 telluric absorption around 2 .06pm . Di­
vision by the spectroscopic standard will correct the continuum around the Hel 2.058//m  
line but not the line itself which is intrinsically extremely narrow, (1 /1 0 -1 /4 5  o f the res­
olution o f the instrument for CGS2 and CGS4 respectively). The correction applied to 
the UCHII regions for this effect is discussed in more detail in section 2.3.
Returning, to the UCHII region data, the final fully calibrated spectra are shown in 
figs 2.1a-j. The Hel and Br7  recombination lines were fitted with gaussian profiles in 
the case o f the CGS2 data, and triangular profiles for the CGS4 data (the convolution 
of the slit on square pixels), which are good approximations to the instrumental profiles. 
Both lines were fitted simultaneously with the same best fitting FW H M  equivalent to 
the instrumental profile since the change in dispersion will be negligible (<  0.001 pm ) 
between the two lines.
2.3 Correction for Atmospheric absorption
The molecules C 0 2, H20  and 0 2 in the earth’s atmosphere are responsible for the 
presence o f several strong absorption bands at infrared wavelengths. In the K window 
there is a C 0 2 absorption feature at 2.06 pm . At high resolution this absorption feature 
consists o f a host o f sharp individual lines, corresponding to rotational transitions within 
the C 0 2 molecule. From radio recombination line (R R L) measurements o f the UCHII
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W o v e l e n g lh
W o v c lc n g lh  u m
Figure 2.1: K-band spectra o f UCHII regions, showing the bright Hel 2.058pm  and Bi‘7 
lines as well as the weaker Hel 2.113pm  blend. Observations a - f  were taken with CGS2 
and g-J  are subsequent observations taken with CCJS4.
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regions at H76a, H90a and HI 10a (W ood and Churchwell 1989, Wink et al. 1982, 
Downes et al. 1980), assuming RRL broadening is dominated by processes other than 
thermal motions (see section 2.6), the intrinsic width o f the Hel 2.058/rm emission line is 
inferred to be ~  20-40 kms-1 which is only 2 -4  times greater than the width, and only 
3.5-4.5 times less than the separation, o f the individual telluric lines which comprise the 
C 0 2 absorption feature at 2.06/rm. The instrumental resolution, 400 kms-1 for CGS2 
and 900 kms-1 for CGS4, is such that the individual C 0 2 lines are heavily smoothed when 
convolved with the instrumental profile. However, since the atmospheric transmission 
affecting the line is a rapidly varying function o f wavelength, the amount o f Hel line 
absorption will depend critically on the relative radial velocity o f the earth and HII 
region, c.f. analysis o f the Hel 1.083gm  line by Kingdon and Ferland (1991). For 
example, if the Hel emission line coincides with that o f a telluric line then a substantial 
amount o f the Hel line flux will be absorbed before reaching the telescope, whereas, if 
the Hel line falls between absorption lines (spacing interval 90 kms- 1 ) an insignificant 
amount o f the line flux will be absorbed before reaching the telescope. At the resolution 
employed the smoothed transmission would have the same value in both cases, thus 
making it impossible to differentiate between these two extreme cases; in the first instance 
the flux replaced on division by the standard will be underestimated and in the latter 
overestimated. Therefore to calculate accurately the amount o f flux lost on transmission 
through the atmosphere, it is necessary to know the Hel line width and the radial velocity 
o f the source. The date o f the observation must also be known, because a given Hel 
emission line will shift by up to 30 kms-1 , with respect to the telluric lines, as a result 
o f the earth’s orbital motion.
The method employed to estimate the percentage o f Hel flux absorbed for each UCHII 
region was as follows :
(i) A  synthetic Hel emission line was generated with a FW H M  derived from radio 
recombination line (R R L) observations for each UCHII region; H llO a  (Downes et al. 
1980), H76a (W ood and Churchwell 1989) and H76a and H90a (W ink et al. 1982). 
Comparison o f RRL line widths o f H40a, H50/3 and He40a by Gordon and Walmsley
(1990) for a sample o f HII regions show the Hel recombination line widths to be sim ilar 
to the HI line widths.
Chapter 2: The H el 2.058pm/Br~j ratio -  Ultracompact regions 41
(ii) The radio recombination line local standard o f rest (LSR) velocities were trans­
formed into geocentric velocities for the date o f the observations so as to discern the 
Doppler shifted position o f the Hel line (see table 2.3). This transformation involved the 
resolution o f two separate velocity components in the direction o f the ob ject, that o f the 
sun with respect to the LSR (with standard solar m otion), and that o f the earth around 
the sun.
(iii) The atmospheric transmission spectrum around the wavelength o f the Hel line 
was generated from a radiative transfer model using the programme H ITRAN , originally 
developed by the U.S. Air Force Geophysical Laboratory, giving the transmission profile 
appropriate for Mauna Kea. The telluric line shape, characterized by a Voigt profile, is 
a convolution o f collisional broadening by air molecules and thermal broadening and is 
a function o f column density. The latter varies with the airmass which was recorded for 
each UCHII observation.
(iv) The synthetic Hel line was multiplied by the transmission spectrum over the same 
wavelength range and, from integration under the incident and transmitted profiles, the 
percentage o f Hel flux lost by telluric absorption was calculated for each UCHII region.
For the UCHII regions on the dates observed, the percentage Hel line flux lost ranged 
from 5-36 % (table 2.3). The errors on the RRL values for the LSR velocity, hence on 
the wavelength o f the line centre, and the FW HM , were incorporated into the modelling 
to calculate the errors on the percentage flux lost (table 2.3).
If F a is the helium line profile and T A the atmospheric transmission, then the atm o­
spheric correction factor applied to each UCHII region is :
f  J J \ d X _  
f F xTxd\
where the integration is performed over a wavelength range corresponding to about 
six times the RRL width. The factor T  arises because the object spectrum has been 
divided by the spectral standard which corrects for the continuum flux lost due to telluric 
absorption, and for the instrumental response. Consequently, the Hel line in the HII 
region spectrum has already been divided by the smoothed atmospheric transmission in
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G5.48 22.9 39.3 5±1
G5.97 3.5 19.8 23±2
G15.04 11.5 24.7 13±3
G29.96 95.3 102.6 26±4
G35.201 47.9 23.8 13±6
G43.891 52.5 26.1 10±7
G45.071 47.7 21.3 18±3
G45.12 58.7 59.6 10±2
G45.122 58.7 22.6 17±2
G45.121 58.7 32.3 11±3
1 Taken with CGS4 June 1991.
2Repeat observation, taken with CGS2 May 1990.
Table 2.3: Atmospheric Corrections.
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the standard around 2.058pm. Therefore a further correction factor, T  (found to be in 
the range 0.82-0.86), representing this average percentage atmospheric transmission in 
the standard at 2.058yum, must be applied.
2.4 Correction for Dust Extinction
The dust extinction to an HII region can be calculated by comparing the observed Br7  
line flux with the value inferred from the free-free radio flux density using hydrogen 
recombination theory. W ood and Churchwell (1989) measured the free-free flux densities 
integrated over the source, for their large sample o f UCHII regions at both 5 and 15 GHz. 
Relating the number o f Lyman continuum photons to the free-free integrated flux density 
Sj,, for an electron temperature and density o f T e= 104 K and ne =  104 cm -3  respectively, 
and a ratio o f recombinations to Bi-7  photons NLyc/N Bj.7 ~  70 (Hummer and Storey
1987), gives a theoretical Bry flux (Rubin 1968b) o f :
4 ? ”  =  8 - 2 5 x 1 0 - »  ( _ £ . ) “  ( i )  p . ! )
if the free-free continuum is optically thin. This is not the case for UCHII regions which 
are optically thick at 5GHz and marginally so at 15GHz (see table 2.4). In the case o f 
finite optical depth equation (1) becomes :
I $ Z  =  1.08 X 1 0 -“  ( g g f f l f e )  ( t  _ T^ o m )  (2.2)
The free-free optical depth was calculated, from the 5GHz and 15GHz flux densities given 
by W ood and Churchwell (1989), for each UCHII region by iteration o f eqn 4.3. At high 
spatial resolution, these VLA observations may resolve out extended emission resulting 
in an underestimate o f the total flux density and an optical depth weighted towards 
the compact regions o f the source. Such extended emission might be detected in these 
lower resolution infrared observations, resulting in an underestimate o f the extinction. 
However, this effect is not expected to be a significant problem for most o f this sample, 
which are dominated by a central source, with the possible exceptions o f  G5.48 and G5.97
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Object ni5GHz Bry flux 
x l0 -16W m-2
HeIA2.058/Br7 ratio 
Observed Corrected
G5.48 0.13 1.21 2.15Í0.09 0.761 0.823Í0.072
G5.97 0.30 1.17 14.9Í0.1 0.564 0.688Í0.032
G15.04 0.77 1.11 8.19T0.08 0.790 0.858Í0.044
G29.96 0.20 1.26 24.9Í0.1 0.681 0.997i0.048
G35.201 0.10 1.55 2.30T0.19 0.610 0.89Ü0.122
G43.891 0.10 1.25 4.79Í0.06 0.697 0.788Í0.052
G45.071 0.63 1.52 0.84Í0.05 0.545 0.820Í0.108
G45.12 0.40 1.24 44.6i0.10 0.698 0.799Í0.041
G45.122 0.40 1.20 65.Ü0.5 0.695 0.838Í0.029
G45.121 0.40 1.19 75.O i l .4 0.857 0.929Í0.038
’ Taken with CGS4 June 1991.
2Repeat observation, taken with CGS2 May 1990.
Table 2.4: The Hel 2.058/rm /B ry ratio in UCHII regions.
which have a core-halo morphology. Assuming purely foreground extinction, the dust 
optical depth may thus be calculated from the observed and predicted Br7  emission:
r o b s  _  r th e o  - T j n  / n  o ’!
Br-y Br'y \ ^)
The dust optical depths at Br7  o f the UCHII regions ranged from t b  = 1 .1 -4 .9 . 
From the Br7  extinction values, by application o f the interstellar extinction curve o f 
Draine (1989) which assumes a power law with spectral index -1 .75  in the range 0 .7 - 
5/zm, Ck, the differential interstellar extinction correction factor between Hel (2.058/rm ) 
and Br7  (2.165/rm ) was calculated, where:
(Ĵ  _  £THeI-IgrU _  g TB r 7 ( (2 .0 5 8 /2 .1 6 5 )  ’-'7¿Tib) _  gO.0 9 0 9  X T g r -, 2̂ ^
For T e=  10,000 K, Ck proved to be in the range 1.11-1.55 (table 2.4); for an electron tem­
perature o f 5,000K, C fc would be reduced by a factor o f 0.96. More detailed calculations
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of r15GHz are discussed in section 4.3.
The resultant Hel 2.058/rm /Brq ratios and their errors, corrected for extinction and 
atmospheric absorption, are given in table 2.4.
2.5 Model H el/B r7 Line Flux Ratios
2 .5 .1  T h e  B asic M o d els
Basic models o f the Hel 2.058/rm /B r7  ratio vs. effective temperature T ej j  are presented 
here. These models and adaptations o f these models are used in later chapters, including 
further extensions from comparison with recent models discussed in chapter 4. The 
theoretical Hel 2.058 ¿¿m/Brq ratio for stellar effective temperatures ranging from 25,000 
-  50,000 K, equivalent to spectral types o f B l -0 4 ,  has been modelled by DPJ. For stars 
with these spectral types, they determined fluxes for the helium and hydrogen ionizing 
photons using the Kurucz (1979) stellar atmosphere models. The Lyman continuum 
flux is roughly described by a steep power law function o f the mass (N^ oc m “ ). For 
stars with masses in the range 10-40 M 0 , corresponding to effective temperatures in the 
range 22,500-41,000K, the index a  is ~  7 and ~  11 for H and He respectively (Puxley
1988). Therefore the relative helium to hydrogen ionizing fluxes, and hence the Hel 
2.058/rm /Br7 ratio, are a strong function o f the stellar mass. The equations derived by 
DPJ for the line flux as a function o f ionizing photon flux are :
-ffte/A2.058 _  ^ L y c  a B ^  +  ) a H e/A2.058 ^Br-y  o  ^ r. /-o r\
“  Ki H'+ < Ht (2'5)
I H e/A2.058 _  ^  H e  a ffe /A 2 .058  ^Br~t
¡Br-y N h  U B r l  ^ife/2.058
R-He+ -  R-H+ • (2-6)
where RWe+ and 11#+ are the radii o f the helium and hydrogen ionized zones respectively. 
NLyc/ N/(yc is the relative number o f helium and hydrogen ionizing photons and N # e/N #  
is the helium abundance. q b (H+ ) and a B(He+ ) are the total recombination coefficients 
for hydrogen and helium (case B) respectively. &Hel\2.058 an(  ̂ a Bry are the effective 
recombination coefficients o f the Hel 2.058^m and Br7  transitions.
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The radii o f the two ionized zones R ^ e+ and R^+ coincide at a critical stellar effective 
temperature when the photons emitted from the recombination o f helium dominate the 
ionization o f hydrogen and hence the Hel 2.058¿¿m/Brq ratio saturates. As can be seen 
from equation (2.6), above this saturation temperature the ratio is solely dependent on 
the helium abundance.
Values for the hydrogen and helium recombination coefficients are given in table 2.5 
for electron temperatures o f T e=  10,000K and 5,000K and densities o f ne= 1 0 2, 104 and 
106cm - 3 . Inferred values o f T e for the sample UCH11 regions are given by W ood and 
Churchwell (1989) and Downes et al. (1980) and lie in the range 6 -11 ,000K, with uncer­
tainties o f up to 2,500K. Similarly, electron densities inferred by W ood and Churchwell 
(1989) from peak radio flux density measurements lie in the range ne =  104-1 0 5cm - 3 . 
Integrated electron densities as calculated in chapter 5 are found to be in the range 
ne =  103-1 0 5cm -3  for these objects, thus the ne =  104cm -3  model is most representative.
Values for the cnHeI^2 oss effective recombination coefficient are derived from recent 
Hel recombination line spectrum models by Smits (1991a) who tabulates the line strength 
of Hel 2.058 pm  relative to Hel 4472A. The 058 effective recombination coefficient
is the recombination coefficient from all levels to the 2*P singlet level, multiplied by the 
fraction o f those atoms which radiatively decay to the 24S level, emitting a 2.058^im 
photon.
Smits (199la ,b ) has published comprehensive Hel recombination line strengths for 
case B using the most up to date atomic data. He has followed the work o f Brocklehurst 
(1972) with corrections as discussed by Hummer and Storey (1987). He also calculates 
line strengths for the HI recombination spectrum and obtains the same results as Hum­
mer and Storey (1987) from which the Brq line strength was obtained. Details o f the 
physical processes involved are given in section 1.2.2, namely, spontaneous transitions, 
radiative recombinations and collisional transitions. The n= 2  levels are treated sepa­
rately because o f substantial coupling between the singlet and triplet levels due to the 
metastability o f the 23S and, to a lesser extent, the 24S levels.
Smits (1991a) also calculates the Hel singlet line strengths for case A. In this scenario, 
all atoms in the 24P level decay to the 14S ground state and hence escape the nebula.
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Table. 2.5: Recom bination coefficients for HI and Hel.
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Therefore, as case A is approached the Hel 2.058pm  line strength will decrease. As the 
Hel 2.058 pm  line is observed to be strong in the UCHII regions the case A  assumption 
is excluded from these present studies.
For electron densities applicable to UCHII regions given above, the 2: P singlet level 
population is substantially enhanced by collisions from the metastable 23S triplet level. 
This mechanism has been included in the Smits’ models and is discussed in detail in 
section 2.5.2. As a consequence, the effective Hel 2.058 ¿¿m recombination coefficient, 
unlike that o f Brq, is highly density dependent (table 2.5).
Atoms in the 2l P state decay with a probability o f 0.999 to the ground state (1 1S) 
with emission o f a line photon at 0.0584^m. The resonance line photon will either be 
promptly reabsorbed by a neighbouring helium atom and return to the 21P excited level 
or ionize a neutral hydrogen atom. In the absence o f dust, approximately one third 
o f the 0.0584pm  photons are absorbed by hydrogen whilst two thirds are scattered by 
helium atoms ultimately to populate the 24S level, via emission o f a 2.058/rm photon. 
To account for this process the Hel 2.058 recombination coefficients derived from Smits 
and given in table 2.5, have been multiplied by a factor o f 2 /3  for T e=10,000K , or 3 /4  
for T e=5,000K. The different multiplicative factors are a result o f the dependence o f the 
Hel absorption cross-section on electron temperature (see eqn 1.9). Comparison with 
the hydrogen ionization rate derived from the Kurucz (1979) model atmospheres implies 
that the total number o f hydrogen ionizing photons is increased by a negligible amount, 
and thus the Br7  flux is unaffected.
Figs 2.2 and 2.3 show the theoretical Hel 2.058 /¿m /B rq ratio vs stellar effective tem­
perature for two electron temperatures, T e=  10,000 and 5,000K respectively, calculated 
from equations (2.5) and (2.6). The three solid model curves represent the low den­
sity case ne= 1 0 2 cm - 3 , the high density case ne=106 cm -3  and an intermediate density 
ne=104 cm - 3 . The latter value is most representative o f the densities o f the UCHII re­
gions (W ood and Churchwell 1989). For an assumed Galactic abundance o f N //e/N //= 0 .1  
the He and H ionizing zones coincide near an effective stellar temperature o f 38,000 K 
(0 7  star). In fig 2.2, for an electron temperature o f T e=10,000K the Hel 2 .058 /im /B r7  
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Figure 2.2: The Hel 2 .058 /m i/B r7  ratio vs. stellar effective tem perature for an electron 
tem perature o f  T e=10,000K  and electron densities o f  ne =  102, ne =  104 and ne =  106cm - 3 . 
The dashed curve represents the line ratio for dusty II11 regions for ne =  10 4 cm 3. All 
curves are calculated for a Galactic, helium abundance o f  0.1. T cj j  is estim ated from  
NLyc (filled circles) and LIR (open circles) appropriate to single stars, and NLyc/ L IR 
(filled triangles), appropriate to a cluster o f  stars. Error bars ( l a )  show the. uncertainty 
in the Hel 2 .05 8 /x m /B r7  ratio after correction for extinction and telluric absorption.
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cm ). Corresponding saturation ratios for T e=  5,000K, (fig 2.3) are 0.75, 0.89 and 1.08 
respectively.
If hydrogen were relatively more ionized than helium in the He+ zone, then helium 
atoms would reprocess almost all o f the 0.0584pm  photons and the fraction o f atoms 
which are de-excited to the 24S state would be much closer to unity. In this case the 
curves labelled ne= 10 2cm -3  and ne =  104cm -3  would saturate at values o f 1.2 and 1.92 
(1.00 and 1.19) respectively for T e=  10,000 K (T e=  5,000 K).
2 .5 .2  E ffects o f C ollisional E xcitation
Above a critical density o f 4-6 X 103 cm - 3  the triplet 23S (metastable) Hel level is 
preferentially collisionally excited to the 21P and 21S levels (Osterbrock 1989) rather 
than undergoing single photon decay at 19.8eV to the ground state. This will enhance 
the population o f the Hel 2*P level, and thus increase the Hel 2.058¿¿m /Br7  ratio. To 
examine the importance o f this mechanism, treated in detail by Smits, consider an HII 
region with an electron temperature and density o f T e=  10,000 K and ne= 1 0 4cm ~3. 
Osterbrock estimates that o f all 23S to singlet collisions, 72% o f the 23S de-population, 
17% lead to population o f 24P. The fraction o f all helium recombinations to singlet and 
triplet states are in the ratio 1:3, and approximately 2 /3  o f all singlet captures lead to 
2J P. Therefore the enhancement o f the Hel 2.058/rm /B r7  ratio is given by :
recombinations to 21P +  collisions from 23S ^  7 )
recombinations to 2*P
’ x l  +  i x  0.17 X 0.72
1  y  2
4 X 3
=  1.55
Smits models (1991a,b) include collisional transitions from all levels down to n = 3 . 
Due to substantial coupling between the n=2 singlet and triplet levels the n = 2  metastable 
levels have been solved as a separate problem to the rest o f the atom. Smits used a matrix 
inversion method to calculate the populations in these four n = 2  levels simultaneously. 
For the n= 2  levels the following processes have been included : (i) allowed spontaneous
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Figure 2.3: The Hel 2.058/xm /Br7  ratio vs. stellar effective temperature for an electron 
temperature of T e=5,000I< (symbols as fig 2.2).
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transitions from levels n>3 (ii) direct radiative recombination and (iii) collisional exci­
tation and de-excitation within the n= 2  level.
In his more detailed calculation, Smits (1991a), using recent collision cross-sections 
finds an enhancement o f 1.58 for this temperature and density. For an electron tem­
perature o f Te=  5,000K this factor decreases due to the dependence o f the collision 
cross-sections on T e.
The vertical displacement o f the curves labelled ne =  104cm ~ 3 and ne= 10 6cm - 3  from 
the curve labelled ne =  102cm - 3  in figs 2.2 and 2.3 represent the effect o f collisional 
excitation on the Hel 2.058 /m i/B rq  ratio.
Photo-ionization
Photo-ionization from the 23S level may be an important process since it can decrease 
the 23S population. Clegg and Harrington (1989) have investigated this mechanism in 
various planetary nebulae and show photo-ionization by Lya to be the dominant photo­
ionization process. Their equation ( 1 2 ) gives the ratio o f 23S depopulation by photo­
ionization by Lya compared with collisions to singlets. The line intensity o f Lya is 
governed by the rate o f destruction o f these photons by dust. Using the dust parameters 
from DPJ, corresponding to a gas-to-dust mass ratio o f 1(F 2, a ratio for the depopulation 
o f 23S o f ~  0.13 was obtained. For a gas-to-dust mass ratio lower by a factor o f 10, Clegg 
and Harrington (1989) obtain a ratio o f 0.18. Since the fraction o f collisions from 23S to
1 32 P is only 17% of total collisions at T e =  10 ,000K, photoionization from 2 S reduces the 
2aP population by 0.17x0.13 ~  2% and thus, the effect on the Hel 2.058/xm /Br7 ratio 
is also negligible. The extra ionizations will increase the number o f recombining atoms 
to the 24P level. However since the population N(23S )/N (H e+ ) ~  10 6 at ne=  104cm ~ 3 
(Clegg 1987), this overall increase in the 2 JP population due to additional ionization 
from 23S is negligible.
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2 .5 .3  E ffects o f Internal D u st
W ood and Church well (1989) discuss evidence for the presence o f internal dust in UCHII 
regions. The effects o f this dust are potentially twofold. Firstly, dust absorbs some 
fraction o f the helium and hydrogen ionizing photons. The dust photo-absorption cross- 
section peaks around 800A (15.5eV), much closer to the Lyman limit for hydrogen than 
for helium, and thus dust competes predominantly with hydrogen in absorbing ionizing 
photons. As a result, the radius o f the Stromgren sphere for hydrogen will be smaller than 
if no dust were present whereas the corresponding radius for helium will be relatively 
unaffected. Consequently, these radii will coincide, and hence the Hel 2.058/xm /Brq 
ratio will saturate, at lower stellar effective temperatures in a dusty HII region.
The dashed curves labelled ne= 10 4cm ~ 3 in figs 2.2 and 2.3 represent the Hel 2.058 pm/ 
Brq ratios recalculated for dusty HII regions, based on the models o f DPJ, for such an 
electron density. The effect o f dust within an HII region is shown by the horizontal 
displacement o f the dashed curves from the solid curves. At a density o f ne=  104cm -3  
dust has a considerable effect on the line flux ratio, causing the Hel 2 .058^ m /B r7 ratio 
to saturate at a temperature o f about 35,000 K (0 8  star). However, as pointed out by 
DPJ, the dusty model is highly sensitive to the dust-to-gas mass ratio. DPJ use a ratio 
of 10-2  which is the value for the diffuse interstellar medium; models o f dusty HII regions 
by Chini et al. (1986) and Hoare et al. (1991) suggest that the dust-to-gas mass ratio is 
lower by about a factor o f 10. In this case dust will have a considerably reduced effect 
on the Hel 2 .058 //m /B r7  ratio (D PJ).
The second possible effect o f internal dust, which was not incorporated into the 
simple dusty HII region models o f DPJ, is to alter the value o f the effective Hel 2.058 pm  
recombination coefficient from its value in a dust free environment. As discussed in 
section 2.5.1 in the absense o f dust, at T e=10,000K approximately one third o f the 
0.0584 pm  photons are absorbed by hydrogen whilst two thirds are reprocessed by helium 
atoms. Using the dusty HII region models o f DPJ, the absorption o f 0.0584pm  photons 
by dust has been investigated further. These models assume the uniform grain size 
distribution o f Mathis, Rumpl and Nordsieck (1977) including both silicate and graphite 
particles, for grains o f radii 0.005pm  up to 0.25¿¿m, and a constant dust-to-gas mass
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ratio o f 10~2. The mean free path o f a 0.0584pm  photon before (a) absorption by a 
helium atom, at T e=10,000 K, ultimately resulting in population o f the 2: S level, (b) 
photoionization o f a hydrogen atom, and (c) absorption by dust were calculated. The 
mean free path lengths are approximately in the ratio 1:2:6000, hence dust absorbs a 
negligible fraction o f 0.0584yum photons and therefore has virtually no effect on the 
effective Hel 2.058/rm recombination coefficient.
Recent models by Shields use a complex photoionization code to predict the theoret­
ical Hel 2 .058/im /B r7 ratio as a function o f effective temperature T ej j .  Shields models 
show good agreement with the above models until T ej j  becomes greater than 38,000K, 
where Shields models turnover and decrease rapidly instead o f reaching a saturation 
value as found in the DPJ models. These models and the reason for discrepancies at 
higher T ej j  are discussed fully in chapter 4.
2.6 Comparison with Observations
To compare observed Hel 2.058/um/Br7  recombination line ratios with the theoretical 
curves in figs 2.2 and 2.3, the spectral type o f the exciting stars in the UCHII regions 
must be determined. Both the radio and IRAS fluxes from these UCHII regions can 
be used to estimate the spectral types by comparison with models from Puxley (1988), 
obtained by integrating Kurucz (1979) model atmospheres and using the conversion 
between effective temperature, mass, radius and spectral type from Landolt-Bornstein 
(1982). The radio flux density yields a lower limit to the number o f Lyman continuum 
photons NL2/c (W ood and Churchwell 1989) since dust inside the HII region can absorb 
a significant number o f ionizing photons. Integration o f the IRAS fluxes for each UCHII 
region gives the infrared luminosity LjR. For computational simplicity the flux at 1mm 
is assumed to be the same as that at 12  pm  in order to correct for the luminosity outside 
the IRAS bands. These values o f Lm  are in excellent agreement with those given for 
several o f the UCHII regions by Chini et al. (1987). The spectral type derived from the 
IRAS fluxes will be an upper limit as the size o f the IRAS beam (5 ' x 3 ' at 100 pm ) 
is much greater than that o f a typical UCHII region (~ 5 ") . The spectral types derived 
from Nil/C and LIR are given in table 2.6, assuming that a single star is responsible for
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G5.48 04.5 08 BOA
G5.97 08 BO BOA
G15.04 05.5 BOA B2
G29.96 04 05.5 09.5
G35.20 06 08 09.5
G43.89 06 07.5 08.5
G45.07 04 07.5 BOA
G45.12 04 05 08.5
Table 2.6: Spectral type estimates derived from observed properties, 
the emission.
Studies o f com pact HII regions by Lacy, Beck and Geballe (1982) and Hoare et al. 
(1991) conclude that such regions may be excited by a cluster o f stars. Therefore, a third 
estimate o f the spectral type, i.e. the effective stellar temperature T ej f ,  was evaluated 
for an HII region excited by a stellar cluster. The ratio o f Niy c /L /f i , dependent only 
on the effective temperature o f the radiation from the cluster, yields a lower limit to 
the characteristic spectral type, because o f dust and the IRAS beam size. This limit 
is in agreement to within 1 subclass with the cluster temperature derived by Lacy et 
al. (1982) for G29.96 and 0.5 o f a subclass for T ej j  derived by Hoare et al. (1991) for 
G45.12 from analysis o f the mid-infrared fine structure lines. These values, which are 
lower limits for T eyy, are several subclasses lower those found by assuming the emission 
to be from a single source. The three estimates o f the effective temperature for each 
UCHII region are shown in figs 2.2  and 2.3. The dotted lines joining the estimates o f 
T e/ /  represent the uncertainty in the spectral types o f the exciting stars in the UCHII 
regions.
The corrected observed Hel 2.058 /im /B r7  ratios from table 2.4, are plotted on figs
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2.2 and 2.3 against the model curves (the data for figure 2.3 are scaled by the dust 
extinction factor appropriate to T e=5,000K ). For the UCHII region G45.12, data were 
obtained with both CGS2 and CGS4. The CGS2 data points are entirely consistent 
after atmospheric corrections are applied and also consistent with the CGS4 fluxes for 
Ifel and Brp (difference o f 1.66<t).
For an electron temperature o f T e=5,000K (fig 2.3), the observed line ratios, are 
generally in good agreement with the predicted model for a density o f ne=  10 4 cm - 3 , if 
the exciting star(s) are hotter than 35,000K, or 0 8 , consistent with the range o f estimated 
spectral types for these objects (table 2 .6).
From fig 2.2, for a gas temperature o f T e=10,000K, as inferred for several UCHII 
regions by W ood and Church well (1989) and Downes et al. 1980, three conclusions might 
be drawn. First, the observed Hel 2.058gm/Br"/ ratios are consistent with these objects 
lying on the rising part o f the ne= 1 0 4cm ~ 3 curves. In this case T ej j  must be in the range 
32-37,000K depending on the dust content inferred in these UCHII regions. Further, if 
UCHII regions have similar dust contents then they all fall on either the dashed (dusty) 
curve, or the solid (less dusty or non-dusty) curves. Either curve, constrains a very 
narrow range o f effective temperatures, within one spectral type, for the whole UCHII 
region sample, which seems unlikely. Additional, and more conclusive, evidence against 
this range o f T ej j  is also given in section 3.4.1. The one exception to this is G5.97, which 
is seen to have a lower HeI2.058 gm/Br^ ratio than the predicted model for ne= 1 0 2 cm - 3 , 
and hence has a genuinely lower T e tf-
Secondly, the UCHII regions have T ej j  >35,000K and have a dust-to-mass gas ratio 
similar to that in the interstellar medium or T ej f  >38,000K and a much lower dust-to- 
mass gas ratio. In this case the observed line ratios lie closer to the saturated value o f 
the curve labelled ne=  10 2 cm - 3  rather than the curve labelled ne=  10 4 cm - 3  (fig 2 .2 ). 
This is clearly unlikely since the densities o f these UCHII regions, as discussed in section 
5.1, lie in the range 104—105 cm - 3 .
Thirdly, the UCHII regions have the same range o f T ej j  as above, but at the much 
higher densities known to exist. In this event, the Hel 2.058//m /B r 7  ratio must be 
reduced by some other cause and plausible explanations are given below.
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In order to reconcile these low observed ratios with the high inferred electron densities 
from W ood and Churchwell (1989), one suggestion is that there are large density varia­
tions throughout the UCHII regions. In this case, the integrated Hel 2.058/rm /B r7 ratio 
is much less than the Hel 2.058/rm /B ry ratio in the denser areas o f the UCHII regions 
(see also chapter 5). From the mean observed Hel 2.058pm/Br^ ratios the predicted 
beam-averaged electron densities o f these objects would have to be r 102-1 0 3cm 3 for 
T e=10,000K (fig 5.3). Analysis o f the long slit CGS4 data for G43.89 suggest that the 
Hel 2.058/rm / Br7  ratio varies across the source, being greatest at the central position 
and decreasing outwards, consistent with a gradient in electron density. However, when 
these observations were made there was a small mis-alignment between the dispersion 
axis and the detector rows which results in the Hel and Br7  lines being sampled at slightly 
different spatial positions and thus this result, whilst suggestive, must be regarded as 
only preliminary.
Other mechanisms which may alter the Hel 2.058/rm /B r7  ratio and account for the 
discrepancy between the observed values and the model predictions for UCHII regions 
with T e=10,000K (fig 2.2) are now considered.
Inspection o f the HII region models as described by equations (2.5) and (2 .6), reveals 
that the only parameters subject to significant uncertainty are N^yec/N ^ yc, UHe/UH and 
a He/A2.058i each parameter is considered in turn. N^yc/N ^ yc, the relative ionization rates 
o f helium to hydrogen depends on the reliability o f the stellar atmospheric models. Com ­
parison o f different stellar atmosphere models by Skillman (1989) shows that the Kurucz 
models are in fairly good agreement with observed ionization distributions. However, it 
must be noted that the presence o f stellar winds may dramatically affect the emerging 
spectrum. Although the helium abundance N ^ /N #  is less varied across the interstellar 
medium than that o f the heavier metals, nevertheless there is an abundance gradient 
throughout the Galaxy. For the observations at T e=10,000K to be consistent with the 
curve labelled ne=  104 cm -3  the helium abundance would have to be ~  0.07, a value 
which is less than the primordial value and therefore this possibility may be discounted.
The Hel 2.058pm  effective recombination coefficient a HeIX2 058 was discussed in sec-
q
tion 5.J, and the mean free path o f a 0.0584pm  photon before absorption by helium and
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ionization by hydrogen were compared. The mean free path is inversely proportional to 
the absorption cross-section for a given electron density. The absorption cross-section at 
the One centre for a helium resonance Une, a0, can be written;
for helium atoms at T e=  10,000K. Assuming this width and electron temperature, com ­
are reprocessed by helium atoms and 1 /3  ionize hydrogen. However, the RRL width 
measurements o f the UCHII regions, at about 20-45 kms- 1  in a 2.6' beam, are con­
siderably broader than the thermal width, and thus further broadening process(es) are 
occurring. Possible mechanisms are : (i) pressure broadening due to electron impacts,
(ii) bulk motions o f the ionized gas, and (iii) turbulence. In their study o f G29.96, W ood 
and Churchwell (1991) see no evidence o f (i) and Garay (1989) concludes that pressure 
broadening o f the RRL, H76a, is negligible in their observations o f compact HII regions. 
To be rigorous, a full set o f radiative transfer equations should be solved incorporating 
the effects o f processes (ii) and (iii), however, the importance o f these mechanisms in a 
simple model can be examined.
Consider the scenario whereby further broadening o f the helium resonant line
is solely due to turbulent motions and thus a Gaussian distribution remains appropriate. 
The effective Doppler width becomes :
Hel 2.058 pm  effective recombination coefficient would therefore decrease by a factor o f 
~  1.52, and the theoretical Hel 2.058¿rm/Brq ratio, for T e=  10,000K and a Galactic 
abundance o f 0.1, would saturate at a value o f 0.84. This saturation value is in good 
agreement with the observed Hel 2.058 /rm /Brq ratios (see table 2.4).
(2.8)
A is the Einstein coefficient and A V D is the thermal Doppler width which is ~  6 kms 1
parison o f mean free path lengths implies that 2 /3  o f the photons from the Hel 2XP level
(2.9)
If this process increases the line width to ~  17 kms 1, then only ~  0.44 o f the reso­
nance line photons from the Hel 2XP level are reprocessed by helium. The value o f the
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It is necessary to examine whether this prediction is compatible with RRL meau- 
rements for the UCHII regions. The radio recombination line FWTIM values are taken 
from observations o f H76a (W ood and Churchwell 1989), H76a, H90a (W ink et al. 
1982) and II 110a (Downes et al. 1980) for each object and given in table 3.3. Where 
two measurements are available for a given object the mean value was used.
For purely thermal motions the expected FW HM for a hydrogen line is 21.4 kms- 1 , 
whereas observed line FW HM  values for HI are in the range 25-38 kms- 1 . This difference 
can be attributed to turbulent or other small scale broadening FW HM  velocities o f 13-31 
kms- 1  assuming a Gaussian distribution. Increasing the effective Hel Doppler width to 
17 kms- 1  implies a turbulent FW HM  velocity o f 26 kms- 1  and an overall HI FW HM  
velocity o f 34 kms- 1 , consistent with these RRL observations.
Note that any increase o f the Ifel absorption line width must be on scales less than 
or comparable to the mean free path length o f a Hel and HI 0.0584/^m photon which is 
of order 1012cm for ne =  104cm - 3 . Therefore a homogeneous HII region with an constant 
expansion velocity o f ~  30 kms- 1  will explain the RRL observations but will not broaden 
the Hel line since the scale length, i.e. the radius o f the HII region (see table 3.3), is 
much larger than the mean free path length o f ~ 1 0 12cm. Thus, the absolute probabilities 
for absorption by helium or hydrogen are unchanged and the Hel 2.058 pm  line strength 
unaffected. Similarly, a velocity gradient over the HII region was considered. Garay et 
al. (1986) find a gradient o f 16 kms- 1  per arcsec for G45.07. The FW H M  velocity for 
helium atoms is 10.7 kms- 1 , therefore broadening velocities greater than 10.7 kms- 1  
occurs over a scale length o f 10.7/16x(radius in arcsec) which translates to rsj 10 16cm for 
G45.07 much greater than the mean free path length. Therefore, the same argument 
as above applies and the Hel 2.058pm  line strength is unchanged. A  high resolution 
spectrum of HI and Hel lines in G29.96 is given in fig 2.4, providing some evidence for 
microturbulence. The line width observed in these fines (~ 35  kms- 1 ), is a combination 
of the instrumental FW HM  profile o f 20 kms- 1  added in quadrature to the thermal line 
width plus any additional turbulent or large scale broadening motions. The measured 
velocity shifts across the face o f this nebula are ~  10 kms- 1  over O.lpc (S. Lumsden, 
private communication). Assuming a similar velocity gradient exists along the line o f 
sight, the additional broadening observed implies a turbulent velocity width o f ~25
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Figure. 2.4: High resolution spectra of G29.96, showing the bright Bi-7  line, the weaker 
resolved Hel 73F -4 3D and Hel T’ F -d 1!) lines shown here at 2.1626pm  and 2.1635/un, 
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kms 1, in agreement with predicted microturbulent motions from comparison o f observed 
and theoretical Hel 2.058/im /B r7  ratios.
Shields models are in agreement with the above conclusions if T ¡  is less than 
38,OOOK in these objects. A fuller consideration o f his models is deferred until compact 
HII region data is also considered in chapter 4.
A detailed discussion o f each UCHII region is performed in chapter 3 after further 
observations o f these objects have been analysed. In general, to summarize the results o f 
this chapter, the observations o f UCHII regions are consistent with two possible models: 
(a) an HII region model for an electron temperature o f T e=5,000K and an electron den­
sity o f ne=  104 cm - 3  assuming purely Doppler broadening or (b ) an electron temperature 
o f T e =  10,000K and an electron density o f ne=  104 cm -3  where line broadening, e.g. due 
to turbulence, is important on scales comparable with the 0.0584pm  Hel photon mean 
free path (10 12cm; cf. HII region radius o f r̂/ 10 16cm).
2.7 Conclusions
K band measurements o f Hel 2.06 pm  and Br7  recombination lines were carried out 
for a sample o f UCHII regions with spectral types B l - 0 4  and the results compared to 
theoretical predictions. Modifications to the models due to collisional excitation and 
radiative transfer effects have been investigated. The following conclusions were drawn 
within the context o f the models based on DPJ:
(i) The observed ratios are in good agreement with either the theoretical HII region 
model for an electron temperature o f T e=5,000K, an electron density o f ne=  104 cm -3  
and a Galactic helium abundance assuming purely thermal broadening o f the Hel fine; 
alternatively, if the intrinsic Hel line width is broadened, e.g. by turbulent motions o f 
the ionised gas, to ~  17 kms“ 1 then, for an electron temperature o f T e =  10,000K, an 
electron density o f ne=  104 cm “ 3 and a Galactic helium abundance the effective Hel 
2.058pm  recombination coefficient and consequently the theoretical Hel 2.058/zm /Br7 
ratio would decrease sufficiently to be consistent with these UCHII region observations. 
The RRL measurements o f the observed UCHII regions are broadly consistent with the
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latter model but small beam measurements o f the Hel 2.058pm  and Br7  line widths are 
needed as a definitive test. W ithout further observations it is not possible to distinguish 
between these models.
(ii) The Hel 2.058/im /B r7  ratio is not a good indicator o f effective temperature in 
UCHII regions as the presence o f dust can limit the sensitivity to spectral types earlier 
than about 0 8 . Observations o f less dense HII regions, so that the complications due to 
collisional excitation may be neglected, and which are o f later spectral type are required.
(iii) For observations o f the narrow Hel line at 2.058pm , the effect o f telluric C 0 2 
absorption must be calculated. For these observations, this absorption removed 5-36 % 
o f the Hel fine flux for different UCHII regions. As the intrinsic width o f the Hel line is 
comparable with that o f the individual C 0 2 atmospheric lines, these amounts will vary 
throughout the year.
Chapter 3
Further Hel observations of 
UCHII regions
3.1 Introduction
From analysis o f observed values for the Hel 2.058¿rni/BrY ratio in a sample o f UCHII 
regions in chapter 2 , it was possible to constrain models o f the ionization structure of 
UCHII and HII regions. The aim in this chapter is to critically examine modifications 
to the models e.g. due to collisional and radiative transfer effects (sections 2.5.2 and 2.6 
respectively), by use o f further Hel recombination line measurements.
Several theoretical UCHII region models were proposed to fit the observations. The 
observed values o f this ratio were generally in good agreement with two models:
a) an UCHII region with an electron temperature o f T e=5,000K , an electron density o f 
ne=10 4cm -3  and purely thermal Hel fine broadening.
b) an UCHII region with an electron temperature o f T e=10,000K, an electron density o f 
ne=10 4cm ~ 3 and with Hel line broadening due to turbulent motions within the nebula, 
o f the order 10-20 kms- 1 . The essence o f these models is that line broadening o f Hel 
is required for electron temperatures greater than 5,000K to be in agreement with the 
observations. The observed Hel 2.058 ¿/m /Brq ratios require larger turbulent motions, 
e.g. Hel line broadening as much as ~20 kms- 1 , as the electron temperature is increased
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up to T e =  10,000K. These two electron temperatures encompass the range o f electron 
temperatures o f the UCHII regions derived from RR.L measurements by Downes et al. 
(1980) and Wink et al. (1982) which are given in table 3.1. Therefore models a) and
b) can be considered as extremes and the observed UCHII regions might each be best 
represented as some intermediate model on the continuum between them.
In a number o f the UCHII regions studied, the recombination lines o f Hel 43S -3 3P, 
2.1126/rm and Hel 2.1137/rm have also been detected as a blend which will
be referred to as the 4 1 ,3S -3 1,3P blend hereafter. By examining the line ratios o f Hel 
2.113/HeI 2.058 pm  and Hel 2.113 gm/Br*/ it is possible to extend these models to apply 
to specific UCHII regions and to study further the physical processes, including radiative 
transfer effects, in UCHII and HII regions. The Hel 2.113/HeI 2.058pm  ratio should be 
purely a function o f the properties o f the plasma i.e. electron temperature and density 
within the HII region. The Hel 2.113/rm /B i'7 ratio translates into a measure o f He+ /H + 
which for a given helium abundance describes the ionization structure o f the HII region. 
This ratio, in contrast to Hel 2.058/rm /B r7  ratio, should be only weakly dependent on 
ionized gas properties since collisional excitation from the Hel 23S level has considerably 
less effect on the Hel 2.113/rm line. Radiative transfer effects retain some dependence 
of the Hel 2.113/um line on nebular gas properties.
In section 3.2, the observations and correction factors applicable to the observed line 
ratios are described. In section 3.3, theoretical values for these ratios are established, 
using up to date recombination line strengths (Smits 1991a,b). Modifications to the 
Hel 2.113/zm line strength, are calculated, resulting from a large population in the Hel 
23S level are calculated. W ith these modifications to the theoretical models in mind, 
observations and theory are compared in section 3.4 and the conclusions presented.
3.2 Observations
The UCHII regions observed are described in chapter 2. O f the eight objects observed 
the 41 ,3S -31,3P blend was detected in four of the objects. The reduction procedure 
is described in section 2.2 and the spectra shown in fig 2.1. The 4 1 ,3S -31,3P blend,
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detected in objects gl5.04 (fig 2.1c), g29.96 (fig 2 .Id) and g45.12 (fig 2.1e), taken with 
CGS2 in Sept 1990, was fitted with a Gaussian o f FW HM  taken as the best fitting 
FW HM  for the bright Hel 2.058 and Brq 2.165/rm lines and equal to the instrumental 
profile. The resolving power o f CGS2 is ~  400 kms- 1  and that o f CGS4 is ~  900 kms- 1 , 
whilst the intrinsic Hel line width is ~  20-40 kms- 1  and the separation between the 
4S-3P singlet and triplet lines is ~  150 kms- 1 . Thus the recombination lines will be 
unresolved and blended and the FW HM  should reflect that o f the instrumental profile. 
The 4 1 ,3S -3 1,3P blend was also detected in objects g43.89 (fig 2 .lh ) and g45.12 (fig 2 .l j)  
observed with CGS4 in June 1991 and triangular profiles, again basically instrumental 
profiles were fitted to determine the line flux. In g43.89 molecular hydrogen was also 
present at 2.1218pm , so both lines were fitted simultaneously with the FW H M  from 
Hel 2.058 pm  and Brq to minimize contamination o f Hel 41 ,3S -3 1,3P from molecular 
hydrogen in emission. The raw line fluxes and their lcr errors, are given in table 3.1. 
For the remaining objects, with the exception o f G45.07, the latter fitting procedure was 
employed to determine 2o  upper limits and these are also given in table 3.1. For g45.07 
the unusual sloping continuum made it impossible to obtain any reasonable upper limit.
The line ratios o f Hel 4 1 ,3S -31,3P 2.113/m i/H eI 21 P -2 1S 2.058¿¿m and Hel 4ll3S - 
31,3P 2.113/rm /Br7 were then calculated. An atmospheric correction factor was in­
corporated into the Hel 41 ,3S -3 1 ,3P/H eI 2.058pm  ratio, since the Hel 2.058 pm  line lies 
embedded in an atmospheric absorption band o f C 0 2 at 2.06 pm. The appropriate atm o­
spheric correction factor for each UCHII region has been calculated in section 2.3. Both 
ratios were corrected for differential extinction, converting the values used in section 2.4 
to values appropriate for the wavelengths o f the two lines in question. The extinction 
correction was no more than 10% and has the effect o f decreasing the Hel 2.113/HeI 
2.058jum ratio, and increasing the Hel 2.113/rm /Br7 ratio. The extinction correction 
was calculated for T e=10,000K only, since the difference at T e=5,000K (section 2.4) is 
well within observational errors. W ith the above corrections applied the resultant ratios 
are given in table 3.1. Values for Hel 2.113/xm/HeI 2.058¿mi lie in the range 0.045-0.107 
and values for Hel 2.113/rm /Br7 lie in the range 0.029-0.081.
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aT e (K) bT e (K)
G5.481 <0.103 <0.095 <0.077 <0.081 6000±1100 10800±3000
G5.971 <0.058 <0.045 <0.027 <0.029 6500±700 6500±3000
G15.04 0.048T0.003 0.045T0.003 0.036± 0.002 0.038±0.002 7000T1000 9100±1000
G29.96 0.077±0.002 0.060T0.002 0.052± 0.001 0.058T0.002 6100±3000
G35.201,2 <0.115 <0.107 <0.070 <0.079 8500T3000
G43.892 0.054±0.006 0.053T0.005 0.038±0.004 0.042T0.004 5900±1600 c7500±1100
G45.12 0.067±0.004 0.066±0.003 0.047T0.002 0.052±0.003 8200T1100 10100T3000
G45.122 0.068±0.006 0.062±0.006 0.053T0.005 0.057±0.006 8200T1100 10100±3000
'O n ly  upper limits were obtained for these objects. 
2Taken with CGS4 June 1991.
“ Electron temperatures from W ink et al. 1982. 
6Electron temperatures from Downes et al. 1980. 
cMeasurement from W ink et al. 1982 also.
Table 3.1: Observed line ratios in UCHII regions.
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3.3 Theoretical line ratios
The volumes o f the He+ and II+ zones in an Iill region are controlled by the number 
o f helium and hydrogen ionizing photons and therefore any helium to hydrogen recom­
bination line ratio measures the relative volumes o f the two ionized zones. Above a 
certain stellar effective temperature the photons produced from helium recombinations 
monopolize the ionization o f hydrogen and the two ionized volumes are coincident. DPJ 
calculate this temperature to be 38000K (0 7  star). Following DPJ, the theoretical Hel 
2.113/rm /Br7 line ratio is given by:
h /e /A 2 .1 1 3  _  N Lyc a B(H  + ) OLHeIX2AXZ  ABr̂ y
^Br'y N Lyc  Ö ß ( ^ e + )  a Br-y ^ H e I 2 .U 3
-h fe/A 2.113  _  N H e a H e i A2.113 ^Br-y
)V He+ < V H+ (3.1)
?V He+ — V H+- (3.2)
where V He+ and V H+ are the volumes o f the helium and hydrogen ionized zones respec­
tively and other parameters are as defined in 2.5.1.
As with the HeI2.058 pm/Bv'y ratio, the Ifel 2.113 gm/Br~/ ratio (eqn 3.1) will be sen­
sitive to the relative ionization rates, hence stellar effective temperatures, up to 38000K. 
Above this temperature the two ionized volumes V ife+ and V # + become coincident, and 
the Hel 2.113/rm /Br7 ratio (eqn 3.2) is dependent on the helium abundance. An helium 
abundance o f 0.1 is assumed for all these calculations. Moreover, the Hel 2.113/rm line 
strength, and hence the Hel 2 .113^m /B r7 ratio, will be fairly insensitive to electron 
density. This is because collisional cross-sections from the 2 S level to the n> 4  levels, 
which affect the 2.113/rm blend, are much smaller than cross-section values to the other 
n=2 sublevels, which affect the 2.058pm  line (Berrington and Kingston 1987). However, 
the ratio o f Hel 2.113/HeI 2.058pm  is thus highly sensitive to electron density.
Values for Hel recombination line strengths, from which the recombination coeffi­
cients in eqn 3.1 can be readily derived, are taken from Smits (1991a,b) and are given 
in table 3.2 along with values for hydrogen recombination coefficients (Hummer and 
Storey, 1987) for electron temperatures o f T e=  10 ,000K and 5,000K and gas densities
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of ne =  10 2, 104 and 10 6 cm 3. As noted in section 2.5.1, these values are similar to the 
observed ranges (see also table 3.1). As discussed there, the Hel 2.058pm  recombination 
coefficient has been scaled by a factor o f 2 /3  at T e=10,000K ( 3/4 at T e=5,000K ) to 
account for deviations from case B.
Fig 3.1 shows the predicted Hel 2.113/rm /Br7 ratios vs stellar effective temperature 
for electron temperatures o f T e=10,000K and 5,000K. The theoretical Hel 2.113¿¿m/Br7  
ratio saturates at values o f 0.040 (T e =  10,000K) and 0.027 (T e=5,000K ) for an 0 7  star 
corresponding to an effective temperature o f 38,000K, assuming no dust to be present 
(solid curve). For a dusty HI1 region (section 2.5.3), the ratio saturates at a lower 
temperature since dust preferentially absorbs hydrogen ionizing photons emitted from 
the source. The percentage absorption depends on the ne and the dust-to-gas mass 
ratio; for ne =  10 4cm -3  and a dust-to-gas mass ratio o f 1 CT2, the helium and hydrogen 
ionized zones are coincident and therefore the Hel 2 .113^m /B r7 ratio saturates at a 
temperature o f 35,000Iv or 0 8  star (dashed curve). At T e=10,000K, the theoretical Hel 
2.113/2.058/im  ratio has values 0.050 (ne =  102cm~3), 0.032 (ne =  104cm ~3) and 0.027 
(ne =  106cm - 3 ). Equivalent values at T e=5,OOOK are 0.039, 0.033 and 0.029. Before 
a detailed comparison o f the observed line ratios with the models is carried out, it is 
instructive to examine the physical processes which may affect these ratios.
Further physical processes, other than those calculated by Smits (1991a), which stem 
from a large population o f atoms in the Hel 23S and 2*S metastable levels (lifetimes 
t=7874 and 0.02s respectively) may significantly alter the theoretical ratios established 
above. A  sufficiently large n=2 population potentially gives rise to a) collisional excita­
tion from n= 2  up to higher levels, b) photoionization from 23S and 2*S and c) significant 
optical depths in line transitions emanating from the 23S and 24S levels. Additionally, 
line broadening o f the Hel l 1 S-2 P resonance line proposed in model b) section 2.6, will 
affect the theoretical results. All these mechanisms are investigated below.
3 .3 .1  C ollisional excitation
Collisional excitation has been shown to cause a significant increase in the Hel 2.058 pm  
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1 eff(K)
Figure 3.1: The Hel 2.113 /¿m /B 17  ratio vs. stellar effective temperature for an electron 
density o f ne =  104cm - 3  (or higher) and electron temperatures of T e=10,000I< (curves 
a,b and c.) and 5,000I< (curves d,e and f.) Curves a) and d) (solid curves) are non-dusty 
curves whilst 1)) and e) (dashed curves) are dusty curves for this electron density and a 
dust-to-gas mass ratio of 10- 2 . Curves c) and f) (dot-dash curves) are the dusty curves 
incorporating the maximum correction for optical depth effects found for these UCHII 
regions (see text). The symbols are the same as in fig 2.1.
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to the 2 1 P and ‘21S states is discussed in detail in section 2.5.2. To summarize, beyond a
0   0
critical density o f 3 -7 x 1 0  cm , collisional excitation to the singlets becomes the most 
important process for depopulation o f the 23S state. Thus the Hel 21 P -2 1S 2.058 pm  
line strength is a strong function o f density as can be seen from comparison o f the 
Hel 2.058pm  line strengths relative to the Hel 4472 line at different densities in table 
2 by Smits (1991a). The 4472A line is relatively unperturbed by collisions or other 
effects (Clegg, 1987). Collisional effects on the Hel 2.113/rm line strength resulting from 
excitation from 23S to n> 4 are now examined.
Calculations by Smits (1991b) reveal that the Hel 2.1137/rm and 2.1126^m line 
strengths only vary slightly with electron density. Smits notes that at nebular densi­
ties, collisional de-excitation from n> 3 to n=2 is negligible compared to spontaneous 
transition rates, but collisional excitation from the metastable levels into n> 3 level, not 
included in table 2, is possibly an important depopulating process. This possibility is 
now examined. Table 4 o f Smits (1991a) gives strengths for various Hel lines, relative 
to the 4472A line, caused by collisions from the metastable levels to n=3 (see fig 3.2, 
an Hel energy level diagram for reference). For these calculations Smits uses electron 
collision cross-sections from Berrington and Kingston (1987). Comparison o f tables 4 
and 2 by Smits (1991a), give the ratio, C /R , o f excitation by collisions from the 23S 
metastable level with those by recombinations. As an example, the 33S-23P, 7065A line 
arises from the next lowest 3S state from which the 43S -3 3P, 2.1126jum line originates, 
and has C /R = 1 .0 2  for ne =  10 4cm -3  and T e =  10,000K. This value for the 7065A tran­
sition suggests that the effect o f collisions on 43S-33P, 2.1126^im line, might also be 
significant.
Collision cross-sections from the metastable levels to n=4 have very recently been 
calculated by Berrington (private communication) enabling calculation o f C /R  for the 
2.1126¿urn line; from Clegg (1987):
C / R = ^ W l f  (3.3)
where the ratio o f the population o f atoms in the 23S level to the total number o f 
recombining atoms, given from the equation o f balance for the 23S population (Clegg
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Figure 3.2: Partial energy-level diagram of Hel showing lines for which optical depth 
effects are investigated in this chapter, along with the reference 4472A line.
Chapter 3: Further H el observations o f  UCHII regions 73
1987) is:
N (2 3S )/ N (H e+ ) =  5.79 x lO“ 6^ 118/ (  1 +  31 lO ^ 0'51^ 1) (3.4)
Here te= T e/1 0 4, a ej j  is the effective recombination coefficient and kej j  is the effective 
collision rate inclusive o f branching ratios. For the 43S-33P, 2.1126/rm line:
^ e j f  =  (?23S,43P X ^r43P,43S +  Q23S,43s )  X ^r 43S,33P (3 -5 )
where br43p 43s , br435 33p are the appropriate branching ratios. q23S 43p ,q 23 5 43,g are 
the collisional excitation coefficients obtained from Berrington (private communication); 
the n=5 level was incorporated into the calculation o f these rates. For ne =  104cm ~3, 
T e=10,000K, q235j43p =  2.175x10 12 and q23 5 435 =  3 .3 9 7 x l0 ~ 12 cm3s_1 . Higher or­
der terms could have been included but are likely to be several orders o f magnitude 
smaller and therefore o f negligible effect. The ratio o f N(23S)/N (H e+ ) for ne =  104cm ~3, 
T e = 10,000K is 4 .4 1 7 x l0 ~ c . Using branching ratios from Wiese, Smith &; Glennon 
(1966), C /R =  6 .1 6 x l0 -3  and thus collisional effects from the 23S level are inconse­
quential for the 2.1126pm  line.
A similar calculation for the 4 1 S -3 1P line at 2.1137 pm  yields a even smaller value for 
C /R , o f 2.05X 10~3. At T e=5,000K these values are a factor o f ~  50 smaller still. There­
fore, collisional excitation from the 23S level is an unimportant excitation mechanism 
for the 2.113/rm blend under these physical conditions. For the 21 P -2 1S, 2.058//m  tran­
sition, collisions from the 23S level to singlet levels n>3 can also enhance the 2.058pm  
collision line strength. For the same density conditions, this further enhancement is 
marginal, - 3 %  (T e=10,000K) and 0.2% (T e=5,000K).
i lSThe significance o f  collisions from the 2 S level -are now examined. An equation o f 
balance, analogous to eqn 3.4, for the 24S population, yields N (2 1S )/N (H e+ )~  10-11 , 
for ne=10 4cm ~ 3 and T e=10,000K, a value much lower than for N (23S). Consequently 
the ratio o f C/R. for the three lines is o f the order 10~ 7 and thus, collisional excitation 
from the 2 JS level to higher levels is negligible compared to radiative recombinations for 
these lines.
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Since collisional excitation from the metastable 23S and 2 *S levels to levels n>3 has 
a negligible effect on the 4 1 ,3S -3 1,3P 2.113/im blend or the 21 P -2 1S, 2.058pm  hnes the 
values obtained from Smits ( 1991a,b) given in table 3.2 remain accurate.
3 .3 .2  P h o to -io n iza tio n
Smits (1991a) does not include collisions from the metastable levels to n>3 in his table 2 
because the population in these levels may be affected by photoionization. At a density 
of ne =  10 4cm - 3 , 72% of the depopulation o f 23S atoms occurs by collisional excitation 
to singlets and 28% by the forbidden radiative transition 23S—11 S. Photoionization of 
atoms in the 23S level may also be a significant depopulation process. The empirical 
formulae o f Clegg and Harrington (1989) was used in section 2.5.2 to investigate this 
mechanism for the 2.058pm  line in the observed UCHII regions. Photo-ionization was 
expected to contribute to no more then 18% o f the depopulation o f 23S when compared to 
collisional transfer to singlets which reduces the 2.058 gm  line strength by no more than 
~4% . Similarly, the overall increase in recombining atoms due to additional ionizations 
was estimated to be negligible (section 2.5.2). Furthermore, these extra recombinations 
increase the populations o f the Hel 43S, 44S and 24S levels by the same percentage, 
which cancels when the ratio o f the Hel 41 ,3S -31,3P blend/H el 2.058 pm  line strengths 
are compared. Thus, photoionization effects do not significantly alter present theoretical 
line ratio calculations.
3 .3 .3  R ad iative  transfer effects in H e l  
Optical depth effects in the M etastable levels
For a large population in 23S, absorption o f line radiation by helium atoms in 23S must be 
considered (Pottasch 1962). A substantial 23S population will create a significant optical 
depth in many o f the lines o f the n3P -2 3S series (Robbins 1968). For each absorption o f 
an n3P -2 3S photon there is an increased probability for decay by an alternative cascade 
route. The relative probabilities for each transition are given by the branching ratios.
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Smits (1991a,b) has not included self absorption effects in his modelling, so by using 
the simple examination below the effect on the Hel triplet lines strengths is investigated. 
In particular, a large optical depth in the 23S-43P, 3188A line, will result in enhance­
ment o f the 43S -33P line (see fig 3.2). The 43S -33P 2.1126/rm fine originates from the 
same upper level as the 43S -2 3P, 4713A fine for which self absorption effects have been 
evaluated by Robbins (1968) in table 3. Any self absorption in the 3188A line will en­
hance the population in the 43P level and thus enhance the 4713A and the 2.1126/im  
lines by the same percentage. Similarly, opacity in higher members o f the series can also 
contribute, but this is included in Robbins (1968) calculations.
Fig 3.3 uses table 3 from Robbins (1968) and shows the increase in the line strength 
of the 4713A line, relative to the 4472A line, with optical depth in the 3889A line which 
is the 23S -33P transition (solid lines). The optical depth in the line centre for zero 
expansion is given by:
r ( A3889) =  ]V(236 > (A 3 8 8 9 )R  (3.6)
k (A 3889)=5.8x 10 - 14cm ~ 2 is the absorption cross-section for the A3889 line and R  is the 
radius for the He+ region. The dotted curves depict the corresponding decrease in the 
3188A fine. The 4472A line arises from the 43D level and should only be slightly affected 
by self absorption affects (Osterbrock 1989). The different curves correspond to different 
expansion velocities for the nebula where w= V r /Vt h - ^ e  maximum expansion
velocity o f the nebula and V TJi is the thermal velocity o f the helium atoms. Higher 
expansion velocities decrease self absorption affects. This is discussed in detail below.
Robbins (1968) solves an integral equation o f radiative transfer, to calculate m od­
ifications to various fine strengths due to self absorption; namely the decrease in the 
23S-n3P series, where n>3, and the resultant increase in the n3S and n3D populations. 
Robbins assumes nebulae to be uniformly expanding spheres, o f constant temperature, 
density and with a constant velocity gradient, V (r)=kr.
In his table 3, Robbins (1968) lists various fine strengths at different optical depths 
for r(A3889), for V H/ V T /i=0,3 & 5 and T e=10,000K. Robbins (1968) uses a value of 
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t 0 ( A 3 8 8 9 )
Figure 3 .3 : Radiative transfer effects due to finite optical depths in the 3889A line. 
The decrease in the ratio of I(A31 S8)/I(A4472) and increase, in the 1 (A4713)/I(A4472) 
ratio with r0(A3889) is shown with dotted and solid lines respectively. Static (w — 0) and 
expanding (w^O) nebulae are depicted for l e=10,000K.
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are small. Comparison o f table 4 (T e=20,000K) and table 3 (T e=10,000Iv), from Robbins 
(1968), show that the increase in the lle l line strength with r(A3889) is insensitive to 
T  .e
Three cases which represent different velocity motions o f an HII region are examined: 
case 1) A static nebula V fi/V r a =0, with the helium atoms moving in thermal motion. 
The Doppler width for helium, V rH = (2 k T /m ) 1 2̂=6.4km s_1 at T e =  10,000K. 
case 2) An expanding nebula where V R produces the observed RRL width, in which case
For a given expansion velocity, photons emitted in a given line from the centre o f the 
nebula will have a given rest frequency uL whilst further out in the nebula, assuming 
a constant velocity gradient, the motions o f the atoms will redshift the absorption to
'  -4-uL. Therefore, the optical depth in the He zone will reflect the scale over which the 
velocity shifts the line sufficiently so as not to absorb itself. Robbins (1968) incorporates 
this process into his modelling. The greater the expansion velocity, the greater the 
wavelength shift between two photons emitted a given distance apart in the nebula and 
the less likelihood o f a photon being reabsorbed further out in the nebula, 
case 3) A  nebula where turbulent motions are the dominant broadening mechanism for 
the Â3889 and À3188 lines, and V # = 0 . For this case, the lines are broadened from their 
thermal width, by turbulent motions to the observed radio recombination line (R R L) 
width for the UCHII regions, defined here as V x Urb- (Note that RRL widths are given as 
FW HM values; V used here is denotes Doppler widths where V = F W H M /1 .665 ). Since 
the optical depth at the line centre r  is inversely proportional to the line width, r(A3889) 
must be scaled accordingly:
r(A3889)Tur6 =  r(A3889)Tii x VTH/VTurb
Realistically, both expansion and turbulent motions are likely to co-exist and both 
will influence the line width.
For each case, using the appropriate value o f and r(A3889) from eqn 3.6
allows the increase in the line strength for a given Hel line to be calculated from table
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3 of Robbins (1968). For calculating r(A3889) (eqn 3.6) the radius o f the UCHII region 
can be derived from theory or observations. If a single star is responsible for the observed 
emission then a theoretical radius value R = R S, the Stromgren radius o f the H+ zone, 
can be calculated (see section 1 .1 );
recombination coefficient. For an assumed T e, N¿yc can be found from the integrated 
radio flux densities for the UCHII regions and the distance to the source, both o f which 
are given by W ood and Churchwell (1989). Alternatively, NLj/c can be found from the 
IRAS fluxes using the calibration o f Puxley (1988), based on Kurucz model atmospheres 
(1979) and the mass, luminosity relations o f Landolt-Bórnstein (1982), to relate Lm  
to N ¿yc. The relative size o f the IIe+ zone can be found from comparison o f fig 2.2. 
However, studies by Lacy et al. (1982) and Hoare et al. (1991) surmise that a cluster 
o f stars is responsible for the emission for their sample o f com pact HII regions. The 
observations, in chapter 2 , are unable to discriminate whether a single star or a cluster 
serves to represent the nature o f the emission.
This issue is circumvented by using the measured radii as calculated from the VLA 
radio maps o f the UCHII regions by W ood and Churchwell (1989). Radii values at 
15GHz are used; radii measured at 5GHz do not change r(A3889) values significantly. 
For core-halo sources the radius is taken to be the mean o f the minimum and maximium 
halo radii values. As the emission from UCHII regions is most probably dominated by 
compact regions at the centre o f the source, it is expected that most o f the flux as seen in 
the radio is contained within the 5" beam. Comparison o f the VLA radio maps reveals 
that at least 90% of the radio flux will be encompassed in a 5" beam.
These radii and the calculated r(A3889) values are given in table 3.3 for each UCHII 
region, for the three cases, a static nebula (V síaí¿c), an expanding nebula (V exp) and 
a nebula with microturbulent motions (V íur¡,), outlined above. The resultant increase 
in the 43S-33P 2.1126pm  line strength, and the enhancement factor Ct2 113 in the Hel 
2.113/rm /Br7 ratio is given in cols 8—10 o f table 3.3 for each object. This enhancement
NLyc are the number o f hydrogen ionizing photons and o B (H°) is the hydrogen (case B)
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ranged from 6-41% . The final theoretical ratios are given in cols 11-13 o f table 3.3.
Collisions are not explicitly included in Robbins’ (1968) models. The effects o f this 
are twofold. First, collisions depopulate the 23S level, and hence N(23S) and r(A3889) 
must be calculated using eqn 3.4. Secondly, collisions also create a separate additional 
component to the Hel 2.113/rm fine flux, as was carried out in section 3.3.1.
The consequence o f optical depth effects in the less metastable 2] S level are now 
considered. As discussed in section 3.3.1, for the same electron temperature and density 
the population in the 2: S level is a factor of 105 lower than that in N(23S). For an HII 
region o f radius R in pc, using the equivalent o f eqn 3.6 yields an optical depth value 
o f r(A2.058/rm )=0.14R. for the 21S -2 1P transition. Measured radii for these UCHII 
regions, taken from W ood and Churchwell (1989), lie in the range R = 0 .003-0 .2pc, thus 
r(A2.058/im ) the optical depth for photons from 21S -2 1P transitions, is less than 0.02 
which is negligible here. The transition probability for 21S -3 1P (A5016A) transition is 
higher than for the 21S -21P transition but the absorption coefficient (see eqn 2.8) is 
lower. This gives a smaller line optical depth r(A 5016)<0.014R  for the same physical 
conditions. Transition probabilities and absorption coefficients, to even higher n1!3 levels, 
become increasingly smaller with greater n. Optical depth effects in higher members o f 
the 21S -n 1P series will therefore be insignificant and the 41S -3 1P, 2.1137/rm transition 
and the corresponding line ratios will be unaffected by self absorption.
To reiterate, optical depth effects from the 23S to higher triplet levels are significant 
and must be included in calculation o f the Hel 2.1126/rm line strength. Other optical 
depth effects in the 2*S level to higher singlet levels do not affect either the Hel 2.058 or 
2.1137/rm line strengths.
I 1 S - ^ P  H el line broadening
In sections 2.5.1 and 2.6 optical depth effects in the 11S -2 1P line at 0.0584/im  and 
the effect o f Hel line broadening on the Hel 2.058/xm coefficient at T e =  10,000K were 
examined. From eqn 2.8, the cross-section for a 0.0584pm  photon to absorption by Hel 
is inversely proportional to the line width. From these studies a mean increase in the Hel
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Table 3.3: The Hel 2 .113/m i/B r7 ratio in UCHII regions for T e =  10,000K.
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line width from 6 kms 1 to ~17 kms-1 due to e.g. turbulent motions was postulated to 
explain the observed mean Hel 2.058/rm /B r7  ratio value o f 0.84. Broadening o f the Hel 
line width to 17 kms 1 (FW H M  of 28 kms-1 ), decreases the theoretical Hel 2.058 pm  line 
strength by a factor o f 1.52, thus increases the Hel 2.113/HeI 2.058/rm ratio by the same 
factor. Case 3) in section 3.3.3, assumes that microturbulent motions are responsible for 
the observed RRL line widths in the UCHII regions.
If these turbulent motions are assumed to be large over scales comparable with the 
mean free path length for a Hel 0.0584yum photon before reabsorption, then Ilel line 
broadening must be incorporated into this calculation. In table 3.4, the correction factor, 
cols 2 -4 , and the corrected Hel 2.113/HeI 2.058 pm  line ratio, cols 5-7 , are given for the 
three cases in section 3.3.3. Thus for case 3) turbulent motions affect the Hel 2.058/rm 
line strength as well as the Hel 2.113yum line strength. Again, large scale motions and 
microturbulence may both contribute to the observed RRL line width.
To summarize the results in section 3.3.3, optical depth effects in the 23S level increase 
the Hel 2.113/rm line strength and thus both the Hel 2.113/HeI 2.058¿mi and Hel 
2.113yum/Br7 line ratios. Corrected theoretical ratios for each HII region are given in 
table 3.3 (cols 11-13) and 3.4 (cols 5 -7 ). The correction factor Ct2113 (table 3.3) and 
^ r 2.113+2 058 (table 3.4) and the corresponding ratios for a static nebula (case 1) are 
greater than for an expanding nebula (case 2), since the absorption is redshifted further 
as the HII region expands, (see fig 3.3). For case 3) an HII region with microturbulent 
line broadening o f Hel atoms decreases the optical depth in the line centre and the 
correction factor for the Hel 2.113yum line strength and the Hel 2.113 yum/Br7  is less 
than for case 1). For the Hel 2.113/HeI 2.058 jum line ratio this broadening also decreases 
the Hel 2.058pm  line strength and therefore increases the Ilel 2.113/H eI 2.058yum line 
ratio. Optical depth effects in the 2XS level, collisional excitation from n=2 to n>3 and 
photoionization processes were found to be inconsequential for these calculations.
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Object C r 2
V  s t a t i c
1 1 3 + 2 .0 5 8  
V  e x p V  t u r b
HeIA2.113/A2.058 models
V  s t a t i c  V  e x p  V  t u r b
HeIA2.113/A2.058 observed
G5.48 1.41 1.35 2.14 0.045 0.043 0.068 <0.095
G5.97 1.35 1.30 1.87 0.043 0.042 0.060 <0.045
G15.04 1 . 0 0 1.06 1.52 0.032 0.034 0.049 0.045±0.003
G29.96 1.41 1.35 2.06 0.045 0.043 0.061 0.060±0.002
G35.20 1.23 1.17 1.70 0.039 0.037 0.054 <0.107
G43.89 1.41 1.35 1.87 0.045 0.043 0.060 0.053±0.005
G45.12 1.41 1.35 1.87 0.045 0.043 0.060 0.0644:0.006
Table 3.4: The Hel 2.113/HeI 2.058 ratio in UCHII regions for T e=10,000K.
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3.4 Comparison with Observations
3.4.1 The Hel 2.113 /im/Bry ratio
The observed Hel 2.113/rm /Br7 ratios in each UCHII region are plotted against the 
predicted model ratios for T e =  10,000K and T e=5,000K in fig 3.1. The spectral types 
inferred for the UCHII regions from radio flux densities (closed circles), IRAS fluxes 
(open circles) and the ratio o f LIR/ NL (triangles) are discussed in section 2.6 and 
given in table 2.6. The latter (lower limit) estimate is independent o f the ionization 
structure o f the source and thus may represent either a cluster or a single star, whilst 
the other two estimates assume a single star powers the HII region.
The solid curves labelled a) are the non-dusty models which are virtually the same 
for any o f the electron densities specified in section 2.5.1. Addition o f dust has marginal 
effect on the low density ne =  102cm -3  models; the dashed curves b) shows the effect o f 
dust for a high density ne =  104cm -3  model. As discussed in section 3.3, and evident 
in fig 3.1 the maximum value o f this ratio is reached for a cooler effective temperature 
T e / / =35,000K.
At low density ne= 1 0 2cm - 3 , the optical depth in the 3889 line, r(A3889), is small 
and optical depth effects negligible. In fig 3.1 the dot-dash curves c) include optical 
depth effects in the Hel 43S -33P 2.1126 pm  line for a dusty ne =  104cm~3 model. For this 
electron density, these curves represent the maximum increase in the Hel 2.1126 pm  line 
strength given in table 3.3 o f 1.58 which corresponds to an increase o f 1.41 in the Hel 
2.113^m blend, and consequently in the Hel 2.113/rm /Br7 ratio.
The scatter amongst the observed Hel 2.113 pm /B rj ratios is large and generally in 
both plots the observed values are higher than the predicted values for the objects, if 
optical depth effects are not included in the modelling. Inclusion o f optical depth effects 
brings the observed ratios and predicted ratios to a much better agreement. As the higher 
electron temperature is found to be more representative o f the sample o f UCHII regions 
the observations are compared to individual models for the one electron temperature 
in table 3.3 and the implications for lower electron temperatures are discussed more
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generally.
For every UCHII region, the theoretical Hel 2.113^im/Br7 ratio corrected for optical 
depth effects at T e=10,000K is given in table 3.3 for 1) a static nebula where the atoms 
are moving with thermal velocities, 2) an expanding nebula and 3) a nebula with tur­
bulent motions. The observed Hel 2.113/rm /Br7 ratios are given in the last column of 
table 3.3 for comparison.
For all objects except G5.97, the observed Hel 2 .113/im /B r7 ratios are consistent 
with effective temperatures greater than 35,000K (for both electron temperatures except 
G43.89 which is discussed in detail below), predicted from ne =  104cm -3  dusty models. 
Effective temperatures greater than 35,000K or an 0 8  star are also in agreement with 
spectral type estimates listed in table 2.6. This corroborates the assumptions in chapter 
2, that effective temperatures T ej j  >35,000K are more likely. This data also rule out 
lower densities o f ne =  102cm -3  for these models. Hence, the general picture that these 
UCHII regions have electron densities ~  104cm- 3 , electron temperatures in the range 
5,000-10,000K and a dust-to-gas mass ratio of 10-2 as found in the ISM is correct here. 
For all UCHII regions, the dusty ne =  104cm -3  model was taken as most representative 
and except for G5.97, it was assumed these objects lay on the saturated part o f the 
curve; here the value o f the Hel 2 .113/im /B r7 ratio is 0.04. The correction factor Ct2 113 
calculated in table 3.3 was applied to this inrinsic value expected for the UCHII regions 
(except for G5.97) to correct for optical depth effects.
For G5.97, comparison o f spectral type estimates in table 2.6 reveal the maximum 
T eyy for this object to be 35,000K. In addition, the observed Hel 2 .058/rm /B r7 ratio 
(0.68) and Hel 2.113/B r7 ratio (0.29) are consistently lower than for other objects, which 
supports a lower T ej j  in this object. The spectral type range for G5.97 also rules out 
the low density ne= 1 0 2cm -3  model (see fig 3.1). An initial ratio o f 0.02 was assumed for 
G5.97, (mean value from dusty and non dusty model at T e=10,000K, for an 0 8  star), 
c.f. table 2.6, before corrections for optical depth effects, Ct2 n 3 , were applied.
For the three cases outlined in section 3.3.3, the observed and corrected ratios are 
consistent to within 2o  except G43.89. G43.89 falls within the errors (1 .8a) for a tur­
bulent HII region model (case 3) only. However, from fig 3.1, G43.89 fits a HII region
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model for T e=5,000K rather well. r(A3889) at T e=5,000K is approximately three times 
its value at T e=10,000K and the Hel 2.113/rm /Br7 line ratio becomes 0.038, 0.035 and 
0.038 for HII region cases 1), 2) and 3) respectively discussed in section 3.3.3. All these 
three representations fit the observed ratio for G43.89 within 2cr errors. Wink et al. 
(1982) derive an electron temperature o f 5900T1000 for H76a for G43.89 in good agree­
ment with these theoretical predictions. Therefore, these observations are consistent 
with electron temperatures nearer T e=10,000K, bar G43.89 which falls nearer the lower 
end o f the temperature range for these objects (table 3.1).
From this analysis, the importance o f the inclusion o f optical depth effects in the 
models is illustrated. Consequently, one overall HII region model cannot explain all 
the observations since local effects need to be evaluated. Modelling each UCHII region 
separately, demonstrates that good agreement between the predicted and observed Hel 
2 .113/im /B r7 ratios can be found. However, from this ratio alone the velocity structure 
in each UCHII region cannot be deciphered or the validity o f an assumed density o f 
ne= 104cm -3  tested.
3 .4 .2  T h e  H e l 2 .1 1 3 /H e I  2 .0 5 8  ratio
Theoretical Hel 2.113/H eI 2.058pm  ratio values are given in section 3.3. From this 
line ratio, density and velocity structure predictions o f HII region models a) in which 
ne =  104cm - 3 , T e=5,000I< and velocity motions are purely thermal and model b) for 
ne =  104cm - 3 , T e =  10,000K and microturbulence in the nebula may be examined (see 
section 2.6). Only for the lower density ne= 102cm~3 is there a significant difference be­
tween the Hel 2.113/HeI 2.058gm  values for the two electron temperatures T e=10,000K 
and 5,000K. Since ne =  104cm~3 is most representative o f the measured electron densi­
ties for these objects (section 3.3), this electron density is assumed appropriate for these 
present studies to avoid confusion. Thus, for this electron density both electron tempera­
tures produce the same theoretical results and the one electron temperature T e=10,000K 
is used hereafter, which more closely reproduces the observed Hel 2.113 ¿rm /Br7  ratio 
values.
Theoretical Hel 2.113/HeI 2.058pm  ratios, corrected for optical depth effects in the
Chapter 3: Further H el observations o f  UCHII regions 8 6
Hel 2.1126pm  line, are given for individual UCHII regions in table 3.4 (cols 5 -7 ) for 
ne= 1 0 1cm 3 and the same three sets o f physical conditions outlined in section 3.3.3. The 
observed Hel 2.113/HeI 2.058pm  ratios are also given in table 3.4 (col 8) for comparison.
For case 1) a static nebula at ne =  104cm -3 and case 2) an expanding nebula most 
theoretical ratios remain considerably less than observed values; G5.48, G5.97 (upper 
limits), and G43.89 fit either a static nebula model or an expansion model to within 
2cr. Although the values for case 1) are larger than than for case 2) the difference is not 
greater than 0.003, a value <  lcr errors on the observed ratios, and thus it is not possible 
to establish a preferred model. Hence, for a nebula expanding with a velocity V fi/ V Tii 
<  5, the models for a static nebula will remain accurate, since observational errors in 
the line ratio o f 0.03 or ~  10% are to be expected. Since the observed FW HM  RRL 
measurements are not greater than 50 kms-1 (Downes et al. 1980) this approximation 
is assumed to be valid for all HII regions.
For case 3), microturbulence within an HII region, broadening o f the Hel 0.0584yum 
line width to the observed RRL width is also taken into account. A  standard broad­
ened maximum Hel line Doppler width o f 17 kms-1 is assumed, and justified in section 
2.6, and a corresponding correction factor o f 1.52 incorporated into the correction factor 
Cr2.113+2 058 f ° r ^Turb given in table 3.4 (col 4). The corrected predicted Hel 2.113/HeI 
2.058pm  ratios are given in table 3.4 (col 7). For this case, all corrected theoretical 
UCHII regions at ne =  104cm ~3 are consistent with observations to within 2o  except 
G5.97. Therefore, for an electron density o f ne=104cm-3  the models suggest some mi­
croturbulence for all UCHII regions excluding G5.97. The three most simplistic cases 
have been considered, however it is quite plausible that large scale systematic motions 
are occurring in an HII region with microturbulence. The difference between values for 
case 2) and 3)(table 3.3) are less than the lcr error bars associated with the observed 
ratio for that object. Therefore, again as a first approximation a model incorporating 
microturbulent and large scale coherent motions can be represented by a model with 
purely microturbulent motions.
A synopsis o f the comparison o f observed and proposed theoretical models for each 
UCHII region in turn is given below.
Chapter 3: Further H el observations o f  UCHII regions 87
G5.48 has an upper limit Hel 2.113/xm /Br7 ratio consistent with either electron 
temperature within the errors, likewise the Hel 2.058/nm/Brj ratio. The Hel 2.113/HeI 
2.058/¿m (upper limit) ratio is consistent with cases 1), 2) or 3) a static, expanding or 
microturbulent nebula.
G5.97 has a lower range o f possible stellar effective temperatures, 28-34,000K and fits 
the ne =  104cm -3  dusty models o f chapter 2 exclusive o f Hel line broadening for both elec­
tron temperatures. The Hel 2.113/HeI 2.058pm  ratio disagrees with a microturbulent 
model. Therefore, turbulent motions are not apparent in this UCHII region.
The Hel 2.113/im  blend measurement is also an upper limit for G35.20. Conse­
quently, the observations o f the three lines can be matched by either electron temperature 
and all the velocity structures proposed in section 3.3.3.
The Hel 2 .113 /im /B r7  line ratio for G43.89 at T e=10,000K is only consistent (1.8cr) 
with the turbulent model. Fig 3.1 shows the observed Hel 2 .113^m /B r7 ratio value 
is in good agreement with all three cases at T e=5,000K. The Hel 2 .058/rm /B r7 ratio 
for lower electron temperatures does not require substantial turbulent motions. The Hel 
2.113/HeI 2.058 pm  line ratio for G43.89 is consistent with all three cases at T e=10,000K.
For the remaining UCHII regions G15.04, G29.96 and G45.12 the Hel 2.113/HeI 
2.058^m observed line ratios are only consistent with a microturbulent model, and 
the Hel 2.113yLim/Br7 ratios only consistent with a high electron temperature model, 
T e ~10,000K. For this temperature, the Ilel 2 .058/im /B r7 ratio requires microturbu­
lence motions producing line broadening o f order 15-20 kms 1. From table 3.1, RRL 
measurements imply electron temperatures nearer T e=10,000K for G15.04 and G45.12, 
in good agreement with these results. From table 3.1, G29.96 has a lower electron tem­
perature T e=6100±3000K , the upper limit to this T e value is inferred for consistency 
with the above results.
For completeness, this analysis could be repeated for the lower density model ne= 1 0 2cm 
although such a low density is considered to be inappropriate in UCHII regions. How­
ever, a density gradient is possibly representative and would result in a lower integrated
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electron density, and consequently a smaller Hel 2.058/xm /Brq ratio. In section 2.6 an 
integrated electron density value o f ~  103 cm-3  was calculated to be consistent with the 
observations, without the inclusion o f local motions. Both mechanisms are conceivably 
present in HII regions. Density gradients are discussed in chapter 5.
To summarize these findings, analysis o f the Hel 2 .113^m /B r7 ratio shows that opti-
* 3 3cal depth effects in 2 S-n P transition are important, affecting the observed line fluxes. 
This ratio is independent o f ne and therefore less complicated to model than either 
the Bel 2.058/um/Brq or the Bel 2.113/HeI 2.058pm  line ratios. The Hel 2.113/HeI 
2.058 pm  ratio must be modified to account for optical depth effects and Hel line broad­
ening if appropriate. Available RRL widths give the amount o f Hel line broadening 
expected.
Therefore, for G5.48, G35.20 and G43.89 both models a) and b) (section 2.6) are 
plausible for these objects and thus any model with an electron temperature in the 
range T e=5,000K -10,000K  and the corresponding amount o f Hel line broadening up to 
~20 kms-1 for ne= 104cm - 3 , is also appropriate for these UCHII regions. Whereas for 
G15.04, G29.96 and G45.12 the observations are only consistent with model b) requiring 
a higher electron temperature and sizeable microturbulent motions, 15-20 kms- 1 . Fig 
3.1 shows that the observations o f G5.97 are only consistent with dusty UCHII region 
models. If the stellar effective temperatures obtained from radio fluxes presupposing a 
single star or a cluster are deemed most realistic then all UCHII regions, bar G29.96 and 
G45.12, require a dusty UCHII region model. For G29.96 and G45.12 either a dusty or 
non-dusty model is consistent.
3.5 Conclusions
The Iiel 41,3S -31,3P blend at 2.113 pm  has been observed in several UCHII regions. For 
those objects in which the blend was not observed upper limits have been estimated. 
For the same objects studies o f the Hel 2.058/¿m /B rq ratios yield two possible models 
to be consistent with the observations. Basically, for a higher electron temperature, a 
greater Hel line width attributable to microturbulent motions o f up to ~ 15-20 kms-1 at
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T e=10,000K, is required to be consistent with the observations. The aim o f this chap­
ter was to test the physical mechanisms proposed in these models, specifically velocity 
motions, collisional excitation and radiative transfer processes.
The emphasis in this chapter is that the two models a) and b) described in chapter 2 
should be considered extremes and that individual UCHII regions observed fall between 
the two models.
The theoretical Hel 2.113/rm /Br7 and Hel 2.113/HeI 2.058pm  ratios were con­
structed for the same physical conditions as for model a) and b). For calculating the­
oretical values for the Hel 2.113/im  line strength values from Smits (1991a) were used. 
Further physical processes, the result o f the metastability o f the Hel n=2 levels, were in­
vestigated, namely, collisional excitation from the Hel 23S level to n>3, photoionization 
from 23S, and optical depth effects in the 21S -n 1P, and 23S -n3P transitions for n>3. 
Only the latter process was found to affect the Hel 2.113^m  line strength. Since optical 
depth is dependent on the source size, each UCHII region was modelled individually 
for ne= 104cm -3  and T e=10,000K and a general model was formulated for ne= 1 0 4cm -3  
and T e=5,000K. Additionally, three velocity structure cases were examined, 1) a static 
nebula, 2) a nebula with large scale expansion and 3) a nebula with microturbulence. 
The differences between cases 1) and 2) were within observational errors for each UCHII 
region. For case 3) the Hel 2.058pm  line strength also needs to be modified for line 
broadening as the result o f turbulent motions.
Theoretical models in the temperature range T e=5,000K -10,000K  could be con­
structed for all UCHII regions which gave good agreement with the observations o f the 
three line ratios. From comparison with observed line ratios it was found models within 
this temperature range with appropriate microturbulent velocities (o f 15-20 kms- 1 ) are 
plausible for the UCHII regions G5.48, G35.20 and G43.89. Both electron temperatures 
T e=10,000K and T e=5,000K are consistent with the observations o f G5.97, however mi­
croturbulence is inconsistent. The remaining UCHII regions G15.04, G29.96 and G45.12 
were found only to be consistent with an higher electron temperature and microturbulent 
velocities, in the order o f 15-20 kms- 1 , which are generally in good agreement with the 
observed RRL measurements for these UCHII regions, ( c .f . model b). Therefore, evi­
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dence for microturbulent motions o f ~20 kms-1 in almost half o f this sample o f objects, 
which explains the observed RRL measurements for these UCHII regions is concluded. 
For the other U C III I regions, G5.48, G35.20 and G43.89 either microturbulent motions 
in the UCHII region or a large scale expansion velocity over the region, both in the order 
o f 20 kms- 1 , can account for the observed RRL line widths.
Additionally, an electron density o f ne ~ 104cm~3 is found to be in good agreement 
with all these observations. Dusty models are required for G5.97 and are preferred if 
radio or cluster stellar temperatures are assumed for the rest o f the UCHII regions.
Chapter 4
The Hel 2.058 /¿m/Bry ratio in 
Compact HII regions
4.1 Introduction
A picture o f an UCHII region powered by hot 0  or B stars expanding to lower densities 
into a molecular cloud is described in section 1.1. In chapters 2 and 3, the Hel 2.058, Hel 
2.113 and Br7  line ratios and physical properties in UCHII regions have been examined. 
The aim o f this chapter is to focus on compact HII regions described in section 1.1, 
in which densities are lower so that the Hel 2.058 /tm line will not be dominated by 
collisional excitation effects. Thus, the less complex low density HII region models o f 
the H el/H I line ratios vs. T ej j  can be tested. The only setback is that the geometry in 
these slightly more evolved HII regions (class II, table 1.1) might be more complicated, 
thus any approximations relating to the geometry o f these sources is less reliable.
The HII regions studied in this chapter were selected from a catalogue o f small 
diameter radio sources in the Galactic plane, by Zoonermatkerani et al. (1990). This 
survey o f the galactic plane was carried out at 1.4GHz using the VLA. The survey was 
able to detect radio sources brighter than 25mJy and less than 20" in diameter although 
some larger and fainter sources were observed. From this survey the candidates were 
selected to satisfy the following criteria :
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1) The sources have integrated 1.4GHz flux densities greater than 150 mJy, so that they 
are easily detectable in the infrared.
2) The object size (Zoonermatkerani et al. 1990) was greater than 7" and preferably 10", 
in order that our sample subset comprised compact and diffuse HII regions with lower 
densities than in our previous studies.
In section 4.2, the observations and data reduction procedures are discussed in detail. 
In section 4.3, corrections to observations are dealt with, including a detailed method 
for calculating the extinction. In section 4.4, new and previous HII region models are 
compared and in section 4.5, the observed Hel 2.058pm/Br-y ratios are compared with 
theoretical values and a discussion o f the spectral types in HII regions is presented.
4.2 Observations
The objects observed are given in table 4.1 with their coordinates which are the Zoon­
ermatkerani et al. (1990) radio positions. Spectra were obtained with U KT9, a single 
channel photom eter/spectrom eter. All these objects were firstly imaged using IRC AM  
on UKIRT to obtain clear sky offset positions so as to avoid chopping onto a nearby 
emission line source which is highly probable within such crowded fields.
4 .2 .1  U K T 9
Observations were made at UKIRT on May 31, 1991 and Oct 17, 1991, and subsequent 
service observations were obtained on Aug 19, 1992 with UKT9, using the C VF, circular 
variable filter, which operates in the wavelength range 1.3-2.6/rm . The resolving power 
with the CVF is ~120. Since the radio sizes o f these sources, as determined from 
Zoonermatkerani et al. (1990), were in the range 8 -18", a 19.6" aperture, the largest 
with UKT9, was employed to ensure that all the flux from the object was contained 
within the beam. A number o f scans were taken (~  8 on ob ject), in the wavelength 
range 2.00-2.22pm , with 1 /2  sampling which gives a wavelength step size o f 0.0077pm. 
The exposure time per scan on each object was 20s. Each CVF scan was completed in
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the main beam before nodding to the ofFset sky position determined from imaging the 
nearby sky described below in section 4.2.2.
W avelength Calibration
The wavelength scale was calibrated by comparison o f the central wavelength o f an 
observed Br7  line with the expected wavelength, given by the rest wavelength for Br7 
plus the wavelength shift due to the radial velocity, for a given object. The planetary 
nebula IC 5117 was observed specifically for this purpose. For the service observations 
wavelength calibrators were not observed. To calibrate the spectra o f the HII regions 
observed, radio recombination line velocities listed for several o f those objects by Downes 
et al. (1980) were used. A mean correction, derived from these HII regions with known 
radial velocities, was applied. This wavelength shift was no more ~  10~3yum.
Flux Calibration
The standard techniques for flux calibration and correction for atomspheric absorption 
and instrumental response described in 2.2.1 were applied. A “ flux” standard -  a bright 
star o f known K m agnitude- was observed at the beginning and end o f the night and 
“ spectral” standards o f similar airmasses to those o f the target HII regions were ob ­
served between HII region observations. The flux standard provides a raw calibration 
from counts/sec to W m - 2 /xm_1 for both the spectral standards and the object spectra, 
whilst the spectral standard is observed in order to remove instrumental response and 
atmospheric absorption effects from the HII region spectra. All standards and their 
magnitudes are given in table 4.2.
Comparison o f  counts/sec at K between flux standard and spectral standard yields 
a calibrated spectrum according to the following equations:
mflux ~  m std =  - 2 . 5 l o g ^ £ (4.1)
std
where C jlux and Cstd are the average values o f the counts around 2.2 pm  in each spec­
trum. m , lux is the K magnitude o f the flux standard and m sid the required spectral
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Object Equatorial Coordinates 
a(1950) ¿(1950)
G9.617+0.196 18 03 15.29 -20 32 04.9
G10.965+0.009 18 06 45.83 -19 27 04.8
G18.304-0.390 18 22 52.95 -13 12 02.6
G37.874-0.399 18 59 24.43 04 08 31.1
G45.454+0.060 19 11 59.88 11 03 57.8
G49.491-0.369 19 21 22.24 14 25 16.2
G57.548-0.272 19 37 29.78 21 30 33.9
G76.188+0.098 20 22 03.00 37 28 24.5
G77.965-0.007 20 27 46.23 38 51 14.0
G105.627+0.339 22 30 52.62 58 12 51.2
Table 4.1: Object list.
Standard Equatorial Coordinates 
a(2000) ¿(2000)
K mag Spectral Type
BS 6616 17 47 33.5 -27 49 51 2.57 F7II
BS 6715 18 01 23.0 -17 09 25 K3III
BS 7208 19 02 27.5 08 22 27 K2III
BS 7648 20 00 58.8 08 33 29 K5III
BS 7314 19 16 22.0 38 08 01 1.66 KOIII
BS 8633 22 40 18.3 53 50 46 KOIII
BS 8541 22 24 30.9 49 28 35 4.25 B9I
HD 2035861 21 21 37.1 39 48 12 6.86 A0
HD 1619031 17 45 43.3 -01 47 34 7.02 A2
1 IRC AM  standards (B1950 Coordinates).
Table 4.2: Standard Star list.
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standard K magnitude for calibration purposes. Then flux calibration can be performed 
by use o f the conversion derived for a Oth magnitude star by Mountain et al. (1985):
Fx(W m ~ 2 /¿m- 1 ) =  4.13 x 1CT10 x n r ° - 4mK (4.2)
To ascertain the consistency o f this calibration method, the K magnitude o f each 
spectral standard derived from eqn 4.1 was compared with the K magnitude value in­
ferred from the spectral type and V magnitude, o f the spectral standard, as taken from 
the Bright Star Catalogue making use o f the conversion tables o f V-K colours from 
Koorneef (1983). Fig 4.1 shows a linear curve for calibration o f log counts/sec at 2 .2pm  
vs broad band K magnitude (Puxley 1988) based on data taken with UKT9 in 1986 and 
1987. The solid line is the best straight line fit to his observations; all his data points lie 
on this line within ±  10% uncertainties. Although these are broad band K magnitudes, 
provided there are no obvious absorption or emission features in the stellar spectra, the 
narrow band K measurements should be comparable. For all the standards observed 
with UKT9, the counts/sec with 10% uncertainty errors are plotted against their quoted 
K magnitude for the flux standards, and that obtained from the V  magnitude and V-K 
colours for the spectral standards, in fig 4.1.
For the UKT9 service observations taken in Aug 1992, only a flux standard was ob­
served for calibration o f the compact HII region data and for the observations taken in 
Oct 1991, the derived K magnitudes from both methods described above agreed to within 
5%, for the one spectral standard BS 8633 observed. However, the K magnitudes inferred 
from the V-K  colours, o f the spectral standards observed in May 1991 differed signifi­
cantly from the K magnitudes derived from eqn 4.1. This can be explained only if either 
the observing conditions were not photometric on that night, or, if the V  magnitudes 
or stellar temperatures for these standards, or the calibration tables by Koorneef (1983) 
are inaccurate. Observations o f the same spectral standard taken two hours apart in the 
first half o f the night yield the same counts/sec values after airmass correction, thus ob­
serving conditions appear to have been fairly stable on that night. Returning to fig 4.1, 
for the data taken in May 1991 the K magnitude o f flux standard BS6616 (m K =2.57) 
agreed with the predicted K magnitude from the counts/sec measured. Whilst the K 
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K m agnitude
Figure 4.1: Counts/sec. vs. broad-band K magnitude. The straight line is a best fit to 
observations taken with UKT9 by Puxley (1988). The data from this chapter is plotted 
with lcr errors.
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tude, two o f the spectral standards have K magnitudes inferred from V-K colours, that 
suggest considerably more signal at 2.2 pm  than was measured, suggesting errors on this 
calibration method. Therefore, the flux standard BS6616 was used to infer a I< magni­
tude and thus calibrate the spectral standards and HII regions observed on that night. 
For consistency, this method o f calibration was employed for the other two nights also.
In section 4.2.2 an independent data set o f the same compact HII regions is flux 
calibrated, enabling a further check on the consistency o f the flux calibration used here. 
Fortunately line ratios are the primary concern and flux calibration is not o f paramount 
importance. However such discrepancies in calibration suggest these flux values cannot 
be considered greatly accurate. Br7  fluxes are used to obtain extinction estimates in 
section 4.3. Again, fortunately it is the differential extinction correction factor Ck that 
is important, and even if the extinction at t b  is only accurate to 50% the error on Ck 
is not greater than 10%.
Line fitting
The m ajor advantage with UKT9 is the availability o f the large aperture o f 19.6". How­
ever the spectral resolution is low compared with other instruments, such as CGS4. Since 
the resolving power o f UKT9 corresponds to a velocity o f ~  2500 kms-1 at 2.2/rm , then 
the line profile will be purely a reflection o f the instrumental profile since the observed 
Hel and HI line widths are no greater than 50 kms-1 (Downes et al. 1980, Wink et 
al. 1982). The instrumental line profile is accurately represented by a Gaussian with 
FWHM of 0.018/xm at 2.165pm. Thus, the raw Hel 2.058pm  and Bi-7  line flux ratios 
and their la  error bars were obtained, by fitting the data with this profile, and are given 
in table 4.6. Table 4.3 gives the Br7  fluxes. The spectra are shown in figs 4.2a-j.
4 .2 .2  I R C A M
Since HII regions by their very nature occur in crowded fields, when moving the telescope 
to a sky position it is important to ensure that we are not chopping onto an emission 
source. Images had been obtained in a previous observing run and accurate sky positions
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established for the UCHII regions observed with CGS2. This was not so important for 
the U C1 III regions observed with CGS4, since a suitable sky position could be identified 
at a spatial location within the 90"x3" long slit. However, for UKT9 with its single 
aperture it is essential to firstly obtain accurate sky positions. The near infrared camera 
IRCAM  on UKIRT was used on the nights o f the 16, 17, 23 and 24 October 1991 in 
order to map the surrounding sky around each HII region. IRCAM  is an infrared 1- 
5pm  imaging device with a 62x58 InSb array. The 1.2" per pixel mode was employed 
with the narrow band Bi-7  filter. A 3 or 5 point mosaic o f the sky was made by moving 
the telescope 66" EW  or NS, or NSEW respectively. For data reduction purposes dark 
frames (section 2.2.1) were taken.
Each object was then divided by a Hatfield to cancel out the pixel to pixel gain 
variations across the detector. The flatfield was created from a stack o f sky frames 
observed fairly close in time to the object frame, usually 5 or 6 frames were stacked. The 
median value in the stack was then found for each pixel in the array in order to obtain 
a flatfield frame which is free from starlight emission. A mean value would be biased 
towards anomalously high pixel values if stars were present in the frames and would not 
reflect true sky pixel values. The frame was then normalised to obtain a map o f the 
sensitivity o f each pixel across the array- a flatfield.
Bad pixels were removed by interpolation where each bad pixel value was replaced 
by the mean value o f the surrounding pixels in a 3 x 3  box.
The final frames were combined spatially to form a mosaic from which “ clean” patches 
of sky were targeted as offset positions for the telescope to nod onto for use with UKT9. 
The Br7  images are shown in fig 4.3a-j.
Flux Calibration
Possession o f Br7  IRCAM  images o f the HII regions enabled an independent flux calibra­
tion method o f the UKT9 spectra and a consistency check on the calibration discussed 
in section 4.2.1. Synthetic aperture photometry was performed to flux calibrate the HII 
regions. To mimic the UKT9 aperture the flux in a synthetic aperture o f diameter 16
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Figure 4.3: B17  images of compact HII regions using IRC AM .
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pixels (19.2") around the object was summed and the number o f pixels recorded. In 
the same object frame the mean value for the sky/pixel was ascertained and thus the 
contribution o f the sky to the summed flux was removed . Unfortunately two out o f the 
four nights were not photometric and the data from these two nights was not usable.
The imaged HII regions were flux calibrated using eqn 4.2 and multiplication by the 
bandwidth which for the narrow band Br7  filter was 1%. Assuming the Rayleigh-Jeans 
approximation for stellar spectra FA oc A- '1 the difference between the magnitude at 
2.165pm  and 2.2 pm  is a factor o f 1.06 and this was corrected for.
The difference between the instrumental magnitude (-2.51ogC/^-), where CK  is again 
the counts at 2.2pm , and the tabulated broad band K magnitude, is defined as the zero 
point. The zero points at 2.2 pm  o f the standard stars used for calibration purposes were 
compared, to test the stability o f the flux calibration. The scatter on the zero points 
was no more than ~10% . The derived flux is the total flux in the Br7  filter i.e. line +  
continuum, hence the contributions from the line and continuum must be separated. To 
do this the UKT9 spectrum was used for each object.
Line and continuum fitting
The IRCAM  Br7  1% filter covers a wavelength range 2.156-2.176^m . Initially a first 
order polynomial was used to fit the continuum in the UKT9 data which was then 
removed from the spectra. The residual line was then fitted with a gaussian and the line 
flux calculated.
The line fit was then removed from the continuum and the flux i.e  the area under the 
continuum calculated, by resampling and binning the data for computational ease. The 
ratio o f the line to line +  continuum was then calculated over the wavelength range and 
the Br7  line flux determined, enabling the line flux to be calculated from the IRCAM  
data.
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4 .2 .3  C om p arison  o f U K T 9  and I R C A M  fluxes
The two sets o f derived fluxes are given in table 4.3. There is a systematic error o f ~  30% 
between the two measurements. Explanations such as uncertainty in the flux calibration 
and the observing conditions on the different nights and the use o f two different instru­
ments can be invoked. Another possible difference could be due to the different spectral 
types used (see table 4.2) for spectral and flux calibration by UKT9 (predominantly K 
stars) and IRCAM  (A  stars), coupled with the approximation that the broad band K 
magnitude will be the same as the narrow band magnitude. Errors o f approximately 
10-20% are plausible because o f this effect.
The errors in the uncertainty o f the line fitting and the photon noise will be small in 
comparison. The actual scatter between the ratios o f the two data sets is ~  5%, hence 
the actual error is dominated by the systematic error. If the scatter within systematic 
errors was large this would be indicative o f inaccurate UKT9 flux calibration. Hence, the 
UKT9 measurements were used with confidence once 30% errors were assigned to each 
measured flux. IRCAM  fluxes were not used because continuum K band measurements 
were not taken and extra errors are bound to be introduced on determining the continuum 
component from a different instrument. For line ratios only the internal errors due to 
line fitting and photon noise apply.
4.3 Corrections to observations
The derived fluxes need to be corrected for atmospheric absorption effects and extinction 
towards the HII region. Atmospheric correction factors were calculated as described in 
section 2.3 and are given in table 4.4.
Following the same principles as for section 2.4 the extinction was calculated by 
comparison o f the observed Br7  fluxes with those derived from radio flux densities (eqn 
2 .1).
Zoonermatkerani et al. (1990) give radio flux densities at 1.4GHz. At this frequency, 
the radio continuum is typically near the turnover in the free-free spectrum; for an
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Object
UKT9 (W m "
Br7 flux
2) IRC AM (WrrT2)
Br-yf UKT9 1 7 V IR .C A M  /
G9.617 6.35x 10~16 8.5x 10-16 0.74
G10.965 1.30x 10~16 1.9x 10-16 0.68
G18.304 1.60xl0-15 2.2x 10-15 0.72
G38.874 3.09x 10~16
G45.454 1.83x 10~15
G49.491 6.00x 10~15 9.2x 10"15 0.65
G57.548 2.84x 10~16 4.3x 10-16 0.65
G76.188 1 .5 0 x l0 -16
G77.965 4.63x 10-16
G105.627 2.14x 10~15
Table 4.3: Comparative Br7  Fluxes.
Object Velocities (kms x) 
LSR Geocentric
Overall Hel flux correction
G9.617 4.1 -17.9 1.01
G10.965 18.5 -4.2 1.57
G18.304 32.7 7.2 1.29
G37.874 60.8 30.1 0.93
G45.454 55.9 24.2 0.96
G49.491 60.9 58.6 0.88
G57.548 2.8 -3.1 1.59
G76.188 -3.0 -15.7 0.97
G77.965 -5.5 -19.1 1.07
G105.627 -40.9 -48.4 0.87
Table 4.4: Atmospheric Corrections to Hel 2.058 pm /B rj ratio.
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HII region with ne =  103cm 3, T e=10,000K and a diameter o f lp c  then theoretically the 
continuum optical depth at 1.4GIIz is 0.16, whilst at 15GHz it decreases to 0.001. For 
ne= 1 0 4cm -3  the 1.4GHz value increases to 16 and the 15GHz value to 0.1, therefore for 
these conditions the radio continuum seems to be generally optically thick at 1.4GHz, 
and turns over to become optically thin by 15GHz. A thermal Bremsstrahlung spectrum 
(see section 1.2.1) is given by:
S„ =  B V{ l - e - T" )  (4.3)
where S„ is the radio flux density, is the Planck function which is proportional to v 2 
at radio frequencies. t v  is the optical depth in the radio continuum at a given frequency 
u, t u a  v ~ 2'1 at radio frequencies (see section 1.2.1). This equation for can be written:
S ^ f l i l ^ l - e - “ ^ ' “ ) (4.4)
where a ( l )  and a(2) define the normalization and turnover in the spectrum. For the 
UCHII region sample, by iteration o f eqn 4.4, using the radio flux densities at 5 and 15 
GHz by W ood and Churchwell (1989), the continuum optical depth at 15GHz, t 1 5 G H z , 
was found and the inferred Brq flux calculated from eqn 2.2. t 1 5 G H z  values were in the 
range 0.1-0.7. Although these values may be rather high they illustrate that r1>4GHz 
values will not be small (<Cl), thus assuming an optically thin radio continuum is un­
likely to be valid at this frequency. Inclusion o f lower frequency radio measurements 
available for several o f the UCHII regions and using the fitting routine described below 
suggest values for r-15GHz nearer ~0.1 for several o f the UCHII regions. Fortunately, the 
differential extinction factor CK changes by no more than a few per cent in this case.
To obtain differential extinction estimates for the compact HII regions o f this present 
study, one or more further flux measurements are needed in order to estimate a radio 
continuum optical depth and hence an optically thin radio flux. Literature concerning 
these objects has been scoured to obtain other radio measurements for these HII regions 
at higher and lower frequencies. Table 4.5 depicts the frequency, the observed flux density 
and cites the authors and beam sizes used. As pointed out by Kurtz et al. (1994), care 
is needed in interpretation o f these different measurements. As already shown in section
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4.2.3 there will be large systematic errors involved when using different instruments. 
HII regions located in crowded fields are subject to error because different objects in 
the same field may be viewed as the same region due to the finite resolution o f the 
instrument. Some instruments will have aperture sizes that vary at different frequencies. 
Most importantly perhaps, many o f these were single dish measurements which are 
o f low resolution and may be contaminated by diffuse extended emission around the 
source. Consequently, single dish, large beam measurements were only used if there 
was at least one other small beam measurement at the same frequency for comparison, 
so that an appropriate scaling factor could be derived and applied to the other single 
dish measurements for that object. However, there will also be internal disagreement 
between small scale measurements, since different instruments and their configurations 
are sensitive to structure on different scales, thus flux measurements will reflect these 
differences. The scale size to which different small beam measurements in table 4.5 are 
sensitive, between 10" and 1 ', are given there.
Nevertheless, from comparison o f small beam measurements by Kurtz et al. (1994) at
8.4 and 15GHz in cols 9 and 12 o f table 4.5, the radio spectrum appears flat and hence it 
appears 15GHz continuum fluxes should be optically thin. From table 4.5, it should be 
possible to make use o f all the data collated to model the radio spectrum between 0.365 
and 15GHz and determine t 15GHz and hence an optically thin S„ at 15GHz. For this 
purpose, a free-free radio spectrum of the form given in eqn 4.4 was fitted to the data 
and a minimum x  method used to solve for the best fit for the unknown parameters a ( l )  
and a(2) in order to tie down the scaling factor and the turnover o f the radio spectrum. 
This involves minimizing the sum:
Each data point has an associated error a{ , y is the non-linear model with the
variable parameters a ( l )  and a(2). The routine uses M arquart’s method (Press et al.
1986). From the best fit model the 15GHz flux was extrapolated and the continuum 
optical depths 4GHz and r15GHz were derived. Due to different errors associated with 
each radio measurement at a given frequency, {e.g. the difference in 1.4GHz values given 
in cols 2 and 3 o f table 4.5 is not obviously explicable), errors on derived optically thin
(4.5)
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Table 4.5: Compact HII region radio flux densities in mJy.
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radio fluxes were o f the order 30-100%. However t15qhz was no  ̂ greater than 0.15 for 
these compact HII regions, therefore the small beam 15GHz flux values given in col 12, 
table 4.5 were used and the optically thin assumption at this frequency validated. Where 
high frequency data were not available or solely in the form o f single dish measurements, 
then the 1.4GHz value was extrapolated to an optically thin value as in eqn 2.2 using a 
mean value for r li4GHz obtained from the rest o f the data.
The 15GHz radio flux density was converted into a Br7  flux (equation 2.1) and by 
comparison with the observed Br7  fluxes the extinction towards the HII region was 
determined (eqn 2.3). The error on the observed Brq flux was the systematic error 
discussed in section 4.2.3, whilst errors on radio fluxes were those taken from the best 
fit to the radio data. The optical depth at Br7 , tBt , ranged between 0.1 and 4.3 which 
corresponds to visual extinctions k v o f 1-40. The correction factor due to differential 
extinction, C fc, described in section 2.4, eqn 2.4, for each HII region is given in col 2 of 
table 4.6 along with the inferred Br7  fluxes (col 3) derived from the radio flux densities.
The errors on the final derived ratios will be the sum of the errors added in quadrature 
from the atmospheric and extinction correction factors (tables 4.4 and 4.6 respectively). 
The resultant ratios and their corresponding errors are given in the final column o f table
4.6.
4.4 Models
The standard models used in chapters 2 and 3 o f the empirical Hel 2.058 /rm /B r7  ratio 
vs. stellar effective temperature adapted from DPJ (hereafter referred to as chapter 
2 models) is shown in fig 4.4 . Two electron densities are depicted, ne =  102 and 104 
c m '3 (solid lines). The introduction o f dust, discussed by DPJ, has no effect on the low 
density ne =  102cm -3  model, but the dashed line is representative o f a dusty model at 
ne =  104cm - 3 . An electron temperature o f T e =  10,000K is assumed throughout.
As discussed in section 2.5.1, a detailed photoionization model o f the Hel 2.058 ¿rm/Br7 
ratio vs. effective temperature has recently been computed by Shields. He uses the pho- 
tionization code CLOU DY (see Ferland 1993), and thus makes no assumptions about
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Object Cjt Bry radio flux 
x 10- 16W m -2
HeIA2.058/Br7 ratio 
Observed Corrected
G9.617 1.36 189.7 0.51 0.70T0.05
G10.965 1.42 66.8 0.26 0.58T0.23
G18.304 1.03 21.2 0.40 0.53T0.03
G37.874 1.47 227.8 0.62 0.84T0.10
G45.454 1.09 46.4 0.66 0.69T0.05
G49.491 1.23 577.8 0.79 0.85±0.06
G57.548 1.41 13.3 0.29 0.65T0.08
G76.188 1.15 7.31 0.11 0.17T0.05
G77.965 1.02 5.5 0.49 0.52T0.04
G105.627 1.07 43.9 0.68 0.64T0.08
Table 4.6: The Hel 2.058/rm /B r7  ratio in UCHII regions.
case A or B (or deviations from either case) but solves the radiative transfer equation 
iteratively for thermal equlibrium at each point in the nebula, to compute total Hel
2.058 pm and Brq line strengths. Kurucz (1979) stellar atmosphere models are used in 
CLOUDY. The electron density is constant throughout the nebula within the ionization 
front. The electron temperature is a function o f radius in these models; mean electron 
temperatures vary from between T e= 7 ,500-10,000K. These models are also shown in fig
4.4 (dashed lines) for ne= 1 0 2 and 104cm -3 .
Both models show the Hel 2.058/im /B r7 ratio to increase with stellar temperature 
to a maximum near T ej f  =  38,000K. The model in chapter 2, for ne =  102cm - 3 , then 
saturates at a value o f 0.80, whereas the Shields model reaches a maximum value o f 0.5 
at this temperature. This can possibly be explained because the models o f chapter 2 
use a correction factor o f 2 /3  to the case B recombination coefficients given by Smits 
(1991a). Also different atomic data were used. Shields (private communication) points 
out this factor will be dependent on details on the ionization structure throughout the










Figure 4.4: The Hel 2.058/im /B i'7 ratio vs. stellar effective temperature. Solid curves 
depict the chapter 2 models for T e = 10,000K and ne= 1 0 2 and 104c.m_ '3. Dashed curves 
represent models by Shields for mean T  ̂ values in the range 7,500—10,000K, foi ne =  10 -  
104c.m-3 .
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cloud, thus can only be calculated from a sophisticated photoionization code. However, 
for ne =  10*cm 3, the models o f chapter 2 show good agreement with the Shields model 
using this correction factor o f 2 /3 , in that a maximum value o f 1.3 is attained in both 
these models.
Above T e^ = 4 0 ,0 0 0 K  the models differ significantly. The model Hel 2.058gm /Bry  
ratio derived in chapter 2, remains constant at the maximum value whereas in the Shields 
model the Hel 2.058 gm/Bry ratio then decreases as effective temperature increases. This 
decrease is predominantly a result o f the decrease in the neutral helium to hydrogen 
fraction with increasing temperature.
Apart from the fact that the models o f chapter 2 are approximate calculations (in 
that they use the OTS assumption to solve for radiative transfer through the HII region), 
and the Shields models are detailed photoionization and radiative transfer solutions, the 
major difference between the two sets o f models concerns the neutral helium to hydrogen 
fraction assumed. This difference can be highlighted by examining equation (1) o f Shields 
which is the ratio o f 2.058/rm emission to 0.0584gm  absorption.
P(2.0Q gm  emission) _  40000y°£ff
P(A584 destruction) 2 0 0 0 ^ + 1
where y°, the ratio o f neutral He to H by number is:
y° =  y^He/^H
y is the helium abundance and ÇHe and are the neutral He and H fractions in the He+ 
zone. Equation 4.6 includes destruction by dust (the factor +1 in the denominator) as a 
competitive mechanism for destruction o f 21P -1 1S 0.0584/rm photons. In section 2.5.3 
from comparison o f the relative mean free path o f a 0.0584/rm photon before absorption 
by a hydrogen atom or a dust particle, dust absorption is found to be insignificant. As 
Shields points out this will be true so long as the hydrogen neutral fraction > 5 x l 0 -4 
and establishes that that the hydrogen neutral fraction > 10-4 throughout most o f the 
HII region in his calculations, hence the assertion is in general valid. Therefore, eqn
4.6, becomes the ratio o f Hel 2.058/xm emission to HI 0.0584/rm absorption and, is a
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function o f the Ilel absorption cross-section and HI photoionization cross-section at that 
wavelength.
DPJ find a value o f 2 /3 , at T e=10,000K, for eqn 4.6 which is discussed in section
2.5.1. DPJ discuss in the text that the fraction o f neutral helium to hydrogen atoms 
in the He+ zone will affect the ultimate probability o f the conversion o f 2*P into 24S 
photons, but assume as do the models o f chapter 2, that the neutral helium and hydrogen 
fractions are equal, hence in the chapter 2 calculations, the ratio o f Hel 2.058 pm emission 
to HI 0.0584pm  absorption scales with y rather than y°.
However, Shields detailed models show that y° decreases with T ej j  due to the in­
creasing hardness o f the radiation with T ej j .  Since the Hel 2.058 pm line is pumped by 
resonant 1 S-2 P, 0.0584pm  photons, a slight decrease in y° will have an exaggerated 
effect on the Hel 2.058prm/Brq ratio. Thus the 2.058/rm /B rq ratio drops off rapidly 
above a high enough effective temperature.




4 .5 .1  C o m p a riso n  o f C o m p a c t  and U C H I I  region sam ples
In fig 4.5, the data is plotted against the theoretical models o f chapter 2 for electron 
densities o f ne =  102 and 104cm ~3 and electron temperatures o f T e=  10,000K (solid lines) 
and 5,000K (broad dashed lines) with the dusty ne =  104cm~3 models shown as narrow 
dashed and dot-dashed lines for the higher and lower T e respectively. In fig 4.6, the 
same data is plotted against the Shields models for ne =  102 and lO 'cm “ 3. Spectral type 
estimates for the compact HII regions are discussed shortly and depicted as described in 
section 2.6.
The Hel 2.058/rm /B r7  observations are consistent with both the models o f chapter 












Chaptei 4. The Hel 2.058/im/Br-f ratio in Compact HU regions
T.W(K)
Figure 4.5: The dusty and non-dusty models o f chapter 2 for T e=5,000K (broad dash 
lines and dot-dash lines) and T (.= 10,000K (solid and dashed lines) for ne =  102 and 
104c.m 3. Data symbols are as described in fig 2.2.
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those o f the UCHII regions o f chapter 2 c.f. figs 4.5 and 2.2. One o f two obvious 
conclusions can be drawn. Either the electron densities are lower for these objects or 
the stellar temperatures are lower (or higher too in Shields models, see fig 4.6). A lower 
electron density is expected for larger HII regions which expand uniformly. Consequently, 
collisional excitation o f the Ilel metastable 23S level does not contribute significantly to 
the 2! P population or thus enhance the 2.058pm  line strength.
In chapter 2, comparison between UCHII region observations and models based on the 
calculations o f DPJ were made. The observed ratios were compared with the saturated 
dusty curve for an electron density o f ne=104cm - 3 , and effective temperatures greater 
than 35,000K were assumed for all UCHII regions bar one. Thus, stellar temperatures 
were considered to be higher than cluster temperatures in these UCHII regions (fig 
2.2). For the present HII regions, four objects have radio single star temperatures that 
are consistent with lower effective temperatures than observed generally for the UCHII 
region sample; for the remaining compact HII regions only cluster temperatures are in 
agreement with lower stellar temperatures.
From Shields’ models the effective temperature range for a given Hel 2.058/rm /Bi'7 
ratio is confined to a much narrower range (fig 4.6), since for effective temperatures 
greater than 40,000K, Hel 2.058/¿m /B rq ratios are predicted to decrease. Therefore, in 
Shields’ models lower observed ratios could result from higher effective temperatures in 
this compact HII region sample. For this to be the case, UCHII region effective tem­
peratures would need to lie in the range 33-39,000K, which is in good agreement with 
predictions made from fine structure lines (see section 5.1), and compact HII region 
temperatures would have to be higher than 39,000K. However, IRAS spectroscopic mea­
surements, o f the [SIV] 10.5yum line are available for the compact HII regions G9.617, 
G45.454 and G105.627 (Simpson and Rubin 1990). S+++ was not detected in any of 
these objects. Stellar temperatures greater than T e^j ~40,000K are needed for S+++ to 
be produced in significant quantities, therefore it is unlikely that the compact HII regions 
have effective temperatures above T e^ = 40 ,000K . Furthermore, the ionizing source(s) in 
an HII region with effective stellar temperature greater than ~40,000K is required to be 
a single star with mass greater than 30 M 0 or a stellar cluster where the most massive 
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Figure 4.6: Shields’ models for mean T e values in the range 7,500-10,000K for ne=102 
and 104c.m- '3. The same data is plotted as in fig 4.5.
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T ej j ,  greater than 40,000K or 30 M0 is 0.3 times that o f observing an 0 8  or 20 M 0 star 
and 0.04 times that o f observing a B0 or 10 M0 star.
In addition to the two conclusions namely lower electron densities or effective tem­
peratures, discussed above, if the same electron density and effective temperature range 
is appropriate for the U C1111 region and compact HII region sample, either larger mi- 
croturbulent velocities or comparable microturbulent velocities and lower electron tem­
peratures than those observed in the UCHII regions, would produce lower resultant Hel 
2.058/¿m /B r7  ratios. Microturbulent velocities greater than those found for the UCHII 
region sample, given in table 3.3, are not evident c.f. Downes et al. (1980). Moreover, 
one would not expect greater microturbulent velocities in this compact HII region sample 
since they are in general larger lower density HII regions than the UCHII region sample 
(Garay and Rodriguez 1983). From section 2.6, a III broadened line with FW IIM  of 35 
kms-1 corresponds to a microturbulent FW HM velocity o f 28 kms-1 at T e=10,000K, 
which reduces the maximum value o f the Hel 2.058/rm /B r7  ratio at ne=104cm ~3 to 
~0.84. The observed Hel 2.058gm/Br^ ratio for the compact HII regions G37.874 and 
G49.491 are in good agreement with this value. Considering the same HI line width and 
electron density for a plasma with an electron temperature o f T e=5,000K , the maximum 
value o f the Hel 2.058/rm /B r7  ratio would be reduced from 0.89 (no turbulence) to 
~0.50. These two ratios, for turbulent model HII regions, encompass the observed Hel 
2.058/rm /B r7  ratios observed in all these compact HII regions, bar G76.188. Therefore, 
if turbulent motions are evident in the UCHII regions and those objects are best repre­
sented by an electron temperature o f T e=10,OOOK (as was found to be the case for half 
the UCHII region sample), then if comparable microturbulence is present in the compact 
HII regions generally lower electron temperatures would also explain the predominantly 
lower observed Hel 2.058/zm /B r7  ratios. However, systematically lower electron temper­
atures would only be expected if these compact HII regions have smaller Galactocentric 
radius than the UCHII regions. This is a result o f the abundance gradient in the Galaxy 
which implies a lesser fraction o f coolant metals further out from the Galactic Centre. 
Galactocentric radii values obtained for several UCHII and compact HII regions from 
Downes et al. (1980) provide no evidence for this to be the case.
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4 .5 .2  C om p a riso n  with m odels
Comparison o f the observations with the models o f chapter 2 (fig 4.5) and those o f Shields 
(fig 4.6) and the different implications are now discussed separately. Deriving spectral 
type estimates from radio and FIR measurements, representing a single star ionizing 
source and a cluster o f stars, is described in section 2.6, and applied here.
To proceed with examination o f fig 4.5:
a) first consider the exciting source to be a single star, for which the stellar effective 
temperature o f the star falls between the temperature deduced from the IRAS and radio 
flux measurements (fig 4.5). From comparison with the models (fig 4.5), all the observed 
ratios, except G105.627, for a single star, fit the ne= 1 0 2cm -3  models which describe 
either a dusty or non dusty model, within the 1 o  observational errors. The difference 
in the saturation value o f the Hel 2.058 ytrm/Brq ratio between T e= 5 ,000-10,000K is 
only 0.05 at this electron density, equivalent to la  error bars on the observed ratios 
(table 4.6), thus it is impossible to determine a preferred electron temperature in this 
range. The single star measurements for G37.874 and G49.491 are also consistent with 
the higher electron density ne= 104cm~3 dusty or non dusty model for the lower electron 
temperature o f T e=5,000K. The four compact HII regions G18.304, G76.188, G77.965 
and G105.627, have single radio star measurements in good agreement with the standard 
dusty HII region models for ne =  104cm~3.
b) If a cluster o f stars is deemed to be more appropriate then several objects are 
consistent with the standard dusty models for ne =  104cm~3 between either end o f the 
electron temperature range. From fig 4.5, many o f the derived cluster temperatures are 
too low for Hel ionization, thus the Hel 2.058^m line would not have been observed if the 
effective temperature o f the exciting source was this low. It is important to remember 
that cluster temperatures are lower limits, as discussed in section 2.6, thus realistic 
effective temperatures lie between single star and cluster estimates.
c) If the effective temperature o f the source does lie between that o f the single star 
estimate and the cluster temperature, most of the observed ratios, besides being con­
sistent with the low density models, also then are in good agreement with the higher
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density non-dusty models at ne — lC^cm 3 (for both electron temperatures) or, equiva­
lently a dusty model with less dust content with respect to that observed in the general 
interstellar medium (less than 10~2) at this electron density (fig 4.5). Thus, models 
with densities between ne =  102 and 104cm _,J are also consistent with all the compact HII 
region observations. The four sources G18.304, G76.188, G77.965 and G105.627 fit the 
dusty model for this higher electron density.
Hence, all the observed Hel 2.058/rm /B ry ratios in these compact HII regions are 
broadly consistent with some or all o f the models in fig 4.5 and firm conclusions are 
hard to draw. Inclusion o f microturbulence complicates the issue further. Comparison 
o f the observed ratios with model predictions shows no evidence for turbulent motions, 
since most observations fit the rising or falling parts o f the ne =  102 or 104cm~3 curves. In 
contrast, there is no evidence to rule out turbulent motions without knowledge o f accurate 
electron densities or effective temperatures. Microturbulence is now investigated further 
to examine whether the above predictions are altered. HI 10a RRL measurements were 
found from Downes et al. (1980) for four o f the HII regions. It must be noted that 
these measurements are big beam measurements, thus broadened R R L ’s may also be 
attributed to velocity gradients.
Microturbulent FW HM  velocities o f 15-30 kms-1 are predicted from these measure­
ments for T e=10,000K, consistent with the turbulent FW HM  value o f 28 kms-1 dis­
cussed in section 4.5.1, in which the ratio has a maximum of 0.84. Such microturbulent 
velocities bring the ne =  104 cm -3  curve to be coincident with the ne =  102cm -3  curve for 
purely thermal motions at T e=10,000K. Similarly, for the same RRL measurements, at 
T e=5,000K , as discussed in section 5.1, the Hel 2.058/rm /B r7  ratio decreases to ~0.50 
and these two values span the observed Hel 2.058/im /B r7  ratios.
Furthermore, if turbulent motions comparable to those in UCHII regions are present 
in these com pact HII regions it is only the higher electron density models (except for 
G76.188 which is consistent with any ne model) that are compatable with observed ratios.
Shields’ models are shown in fig 4.6. His model for ne =  102cm ~3 has a lower peak 
value for the Hel 2.058¿im /Brq ratio than the equivalent model in chapter 2. Shields’ 
models are calculated to have mean electron temperatures in the range T e= 7 ,500 -
Chapter 4: The lJel 2.058pm/Bry ratio in Compact HII regions 125
10,000K. Comparison o f both sets o f models in fig 4.4 show quantitative agreement up 
to T e^ = 3 8 ,0 0 0 K . Then Shield’s models reveal a flaw in the models o f chapter 2 which 
is the assumption that relative neutral helium to hydrogen fraction, y°, is constant with 
T e //  leading to the disagreement between the models above T e / / =38,000K. Fortunately, 
as discussed in section 4.5.1 it is unlikely that any compact HII regions have such high 
effective temperatures. Again, conclusions can be drawn by consideration o f spectral 
types, a) Assuming single star effective temperatures then the HII regions G77.965 and 
G76.188 are in agreement with his ne=102cm -3  model, but the rest o f the HII regions are 
consistent with the higher ne= 104cm 3 electron density model, b) For cluster tempera­
tures the same few HII regions that agree with the dusty HII region model o f chapter 2 at 
ne= 104cm 3, also agree with the equivalent model by Shields, c) For the most realistic 
effective temperature estimates i.e that single star estimates are upper limits and clus­
ter temperatures lower limits, then all compact HII regions (except G76.188) are solely 
consistent with the higher electron density model. From fig 4.6, it can be seen that there 
is a range o f electron density models between ne= 102 and 104cm ~3, that would also be 
in agreement with the compact HII region observations. Inclusion o f microturbulence in 
these models will not change the above conclusions except that G77.965 will no longer 
be in agreement with the lower density model. Thus, Shields’ models incorporating mi­
croturbulence, for ne =  104cm~3, remain consistent with the observed Hel 2.058pm/Br~y 
ratios. The stellar temperature range is constrained further in this case by the downward 
displacement o f the ne=104cm-3  curve, as a result o f microturbulence, evident from fig
4.6.
Clearly, to establish the accuracy o f these models with observations both the effective 
temperatures o f the ionizing sources in these HII regions needs to be further constrained 
and the electron density determined accurately by other means for these objects. The 
aim o f this last section is to try to investigate effective temperatures, and in chapter 5, 
a discussion o f electron density and detailed calculations will be carried out.
It is appropriate here to discuss Shields’ models with reference to the UCHII regions 
in chapter 2. These models have mean electron temperatures close to the high elec­
tron temperature T e=10,000K models o f chapter 2. The conclusions o f chapter 2 for 
the higher electron temperature model were: a) effective temperatures are all less than
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T e/ / —38,000K in the UCHII regions and span a narrow range o f T e^y=32-36,000K. In 
this case the dust-to-gas mass ratio is less in at least some o f these UCHII regions, or
b) UCHII region effective temperatures are greater than T e / / =38,000K and microtur­
bulence must be present. These conclusions remain unchanged, however an additional 
conclusion from Shields’ models is that effective temperatures T e //  o f all UCHII re­
gions may be greater than 38,000K, and tightly constrained to T e / / =39,000±500K . As 
discussed in section 2.6, the likelihood o f observing so many UCHII regions all within 
one spectral type is unlikely. Furthermore, the [SIV] 10.5 pm  line was not significantly 
detected in these UCHII regions either (Simpson and Rubin, 1990).
The implications o f Shields models with reference to the observations in chapter 3 
are discussed in section 4.5.4.
4 .5 .3  Spectral typ e  classification
In order to differentiate between any model the spectral types o f the exciting stars must 
be constrained further. The three estimates of spectral types used here are discussed 
in detail in section 2.6. Two o f these are based on the assumption that the emission 
emanates from a single source; IRAS and the radio flux values can be utilized in this 
circumstance to give upper and lower limits to the spectral types respectively. A  third 
estimate is derived from the ratio o f the above two fluxes i.e. / L ^  and is dependent 
only on the effective temperature whether from a single star or a cluster o f stars. These 
three estimates are given in table 4.7. Fig 4.7 shows predicted values o f  log LIR vs log 
NLyc for a given spectral type (fig 4.7a) and mass (fig 4.7b), these values are derived from 
Puxley (1988) and DPJ. The lower two curves depict values for a single star for a non 
dusty (solid curve) and dusty (dashed curve) HII region. The dotted curve joins values 
for a cluster o f stars assuming the spectral type (fig 4.7a) or mass (fig 4.7b) labelled is 
the most massive star in the cluster. The calculation was insensitive to a lower mass cut 
off less than 10 M 0 for stars with upper mass cut offs greater than ~  30 M 0 . A  mass 
function with spectral index -2.85 was used. The model used is described by Puxley 
(1988). The data is plotted against these curves in figs 4.7a,b. Only G105.627 lies below 
the solid line. If the exciting source is a single star then all three estimates o f spectral
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N iyc /L /n
(cluster)
G9.617 > 0 4 04.5 09.5
G10.965 04.5 06.5 09.5
G18.304 07.5 BO BO.5
G37.874 > 0 4 04.5 07.5
G45.454 > 0 4 07.5 BO.5
G49.491 05 07 09
G57.548 06.5 08 09.5
G76.188 07.5 BO BO.5
G77.965 06.5 BO B1
G105.627 BO 09.5 09
Table 4.7: Spectral type estimates for HII regions.
type should be similar, as is the case for G105.627.
Conversely, HII regions G9.617, G45.454 and G77.965 all lie close to the cluster model 
curve. However, cluster temperatures for these objects are in disagreement with observed 
Hel 2.058 ¿¿m/Brq ratios, since these temperatures are too low for Hel ionization in the 
nebula. At the other extreme, G9.617 and G45.454 both have infrared luminosity, LIR, 
values greater than that for a single 03 .5  star, therefore it is statistically unlikely that two 
HII regions powered by such massive stars (>100 M 0 ) would be observed. The difference 
in spectral types inferred for a single star for G77.965 is more than three classes again 
suggesting that infrared luminosity predicted is too high. For these three objects errors 
due to distance ambiguities may be responsible for these large LIR values, which would 
move the data points in figs 4.7a,b into the regime between the model curves predicted 
for clusters and single stars. Kinematic distances are calculated from radial velocities, 
using the equations for the Galactic rotation curve:
VR =  -3 0 ( i?  -  R0)s'mlcosb (4.7)
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Figure 4.7: Log hIR vs. log NLyc for (a) spectral types and (b ) masses o f stars. The 
lower two curves depict values for a single star for a non-dusty (solid curve) and dusty 
(dashed curve) HII region. The dotted curve joins values for a cluster o f stars assuming 
the spectral type (fig 4.7a) or mass (fig 4.71)) labelled is the most massive star in the 
cluster.
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R2 =  Rq +  D 2 — 2R0Dcosl (4-8)
where V R is the radial velocity with respect to the sun, R is the distance o f the object 
from the Galactic centre, R0 is the distance o f the sun from the galactic centre and 1 
and b are the Galactic longtitude and latitudes respectively, o f the source. The factor 30 
is taken from Oorts’ constants which describe differential Galactic rotation. From this 
quadratic equation, for R. less then R0 two distances are derived, near and far distances. 
The best distance estimate is then inferred by a number o f techniques e.g. from positions 
with respect to the 3kpc spiral arm, from optical luminosities or from RRL velocities on 
the premise that the cloud velocity exceeds the recombination line velocity, see Downes 
et al. (1980) for a discussion; disagreement in preferred distances between authors is 
common. Indeed for G9.617, the far distance o f 19.1kpc was used, the near distance o f 
0.6kpc may be more realistic.
The rest o f the objects plotted in figs 4.7a,b fall into the region between curves for 
single stars and clusters o f stars. Deviations from either curve can be explained if the 
powering source consists o f two or more stars o f the same temperature or mass. How­
ever, a distribution o f star masses is more probable. In this case, a further explanation 
is possible because the IMF is only a statistical description o f the stellar population. 
Hence, in any real young cluster o f stars the numbers o f stars may be quite small and 
quantization noise may be significant.
Therefore, the ionization structure o f these HII regions cannot be established conclu­
sively, and the best estimates remain that the effective temperature o f the source will lie 
between the single star and cluster temperature limits as calculated in section 2.6, and 
some other method is needed to differentiate between a single star or a cluster o f stars as 
the powering source. Many authors use fine structure lines in the far-infrared to deter­
mine effective temperatures (Lacy et al. 1982, Hoare et al. 1991 and Simpson and Rubin 
1984). By measuring pairs o f line ratios, electron temperatures and densities in the HII 
region are estimated (section 1.2.3) and then compared with predicted line ratios from 
stellar atmosphere models to obtain the best fit estimate for the stellar temperature. 
However, for the complex heavier elements the atomic data are much more uncertain 
and many more approximations need to be included into photoionization codes for such
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atoms than for the simpler two electron helium atom.
Interestingly, effective temperatures obtained by these authors who have studied one 
or more HII regions in detail lie in the range 33-38,000K. This result is suggestive o f a 
sampling bias o f HII regions with effective temperatures not greater than 40,000K, thus 
Shields’ models may prove difficult to verify.
4.5.4 Hel 2.113 p m  blend
To try to place further constraints on the parameters ne, T ej j  and microturbulence in 
these compact HII regions, the Ilel 2.113/rm blend was measured. This blend was de­
tected convincingly in G45.454 and G49.491, i.e. the measured signal was greater than 
3 times the la  errors and the best %2 Hi was credible. The blend was not detected 
in any o f the other objects, mainly because o f the poor resolution with UKT9. The 
fitting procedure was the same as described in section 3.2. Observed ratios for Hel 
2.113/xm /Br7 are 0.029T0.010 and 0.035T0.007, and for Hel 2.113/IIeI 2.058/xm are 
0.052T0.012 and 0.042T0.008 respectively. Theoretical ratios for Hel 2 .113^m /B r7 are 
0.040 (T e =  10,000K) and 0.027(Te=5,000K) so long as stellar temperatures are greater 
than 38,000K (non dusty models), and greater than 35,000K (dusty models), see section 
3.3. This assumption is valid if single star temperatures are appropriate for these two 
HII regions which appears to be the case (see fig 4.5, fig 4.6). Theoretical Hel 2.113/HeI 
2.058pm  ratios are 0.050(Te=10,000K) and 0.039(Te=5,000K ) for ne= 1 0 2cm -3  and 
0.032 for ne =  104cm~3 (section 3.3).
As discussed in section 3.3.3, optical depth effects in the Hel 2.113/xm line need to be 
accounted for. The results for the two electron densities are now considered. Assuming 
these objects to be lower density, nearer ne=102cm - 3 , then the optical depth in the 
3889A line, r(3889) is small and optical depth effects negligible. The Hel 2.113/rm /Br7 
and Hel 2.113/H eI 2.058 pm  ratios o f these two objects observed would then be consistent 
with an electron temperature model in the range T e=5-10,000K  and turbulent motions 
are not evident. Electron temperatures from Downes et al. (1980) are 7400T3000K for 
G45.454 and 7000T3000K for G49.491 in good agreement with these predictions.
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lo r  G45.454, a II 110a radio recombination line FW HM velocity o f 28 kms-1 is listed 
by Downes et al. (1980). This implies a microturbulent FW HM  velocity o f ~  20 kms-1 
at T e=10,000K if this broadening is purely because o f microturbulence. This veloc­
ity would increase theoretical Hel 2.113/HeI 2.058pm  ratios to 0.069(Te=10,000IC) for 
ne =  102cm ~3 and a corresponding value o f 0.063 for T e=5,000K. Only the latter value 
is consistent with observations. The observed Hel 2.113/HeI 2.058pm  ratio presents no 
evidence for microturbulence in G49.491.
Meanwhile, for a density nearer ne=104cm~3, values for r(3889) are larger for the 
compact HII regions since they are generally larger sources than the UCHII regions. 
Therefore, an enhancement o f 1.4-1.5 is expected (see section 3.4.1) bringing expected 
theoretical values for these two compact HII regions to be Hel 2.113/rm /Br7 > 0.056 
(T e=10,000I<), 0.038 (T e=5,000IC) and Hel 2.113/HeI 2.058pm  >  0.045. The Hel 
2.113/rm /Br7 ratio for G45.454 is too high for this density, thus a lower electron density 
must be attributed to G45.454. Only the lower electron temperature value is in agree­
ment the observed Hel 2.113/rm /Br7 ratio for G49.491 at this electron density. This 
result agrees with the the observed Hel 2.058pm/Bvy ratio for G49.491 (section 4.5.2). 
With the addition o f a microtubulent FW HM velocity o f 20 kms-1 the Hel 2.113/HeI 
2.058 increases to 0.062 and is too high for G49.491.
Therefore it is possible to conclude that in G45.454 the electron density is lower 
than ne= 104cm -3  and microturbulent velocities may be present, in quantitative agree­
ment with RRL observations. In G49.491, either the electron density is nearer ne= 1 0 2 
cm -3  and the electron temperature has a value in the range T e= 5 ,000-10,000K, consis­
tent with RRL electron temperature predictions or, the electron density is higher and 
the electron temperature is nearer T e=5,000K. Both conclusions are in agreement with 
the Hel 2.058 pm/'Br-y observations o f G49.491. It should be noted that the observed Hel
2.058pm/Br^ ratio is the largest in the sample and does not represent general observed 
Hel 2.058/um/Br7  ratios in the compact HII region sample.
Therefore it does seem possible to conclude that the general case o f lower electron 
densities is correct as suggested from the Hel 2.058 pm/Br^ observed ratios o f these 
objects from the models o f chapter 2. However, to be consistent with the models of
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Shields the electron densities need to be higher than ne =  102cm 3.
This discussion is continued in the general case, in light o f predictions from Shields’ 
models, namely the decrease in the neutral helium fraction with increasing T ej j .  For the 
Hel 2.113/xm /Br7 ratio, the ratio would not be expected to drop off rapidly at higher 
T ef f ,  since the decrease in neutral helium to hydrogen fraction with higher stellar effec­
tive temperatures would not be amplified by resonant effects in Hel. Therefore, if models 
o f the Hel 2 .113^ m /B r7  ratio were produced by Shields, using the same formulism as 
for the Hel 2.058/rm /B ry , they would also be expected to saturate. Another test o f 
Shields models would be to examine the Hel 2.113/HeI 2.058 pm  ratios in HII regions 
with effective temperatures greater than 40,000K, or indeed planetary nebulae (see also 
chapter 6), to look for a correlation between higher temperatures and increasing ratios. 
Again, from the observations in chapter 3 and 4 no evidence o f such a relation is appar­
ent, but further constraints on effective temperature are needed to conclusively affirm 
this prediction. Therefore either the effective temperature is less than T ey^=40,000K 
for all the compact and UCHII regions observed, or the dramatic drop off o f the Hel 
2.058pm /B rj ratio for T eyj >38,000K predicted from Shields’ models is too steep.
It would be useful to summarize the conclusions for each compact HII region at this 
stage; however for observations o f all these HII regions both single star temperatures and 
cluster temperatures (excluding unphysical values) are in agreement with the models o f 
chapter 2 for the two electron densities and also in agreement with the model by Shields 
for ne =  104cm ~3, except for G105.627. The predicted model for G105.627 is a single star 
dusty HII region model (see fig 4.5, fig 4.7) for ne=104cm -3  with an effective temperature 
T ejy  ~32,000K. In section 4.5.1, evidence from S+++ observations (Simpson and Rubin, 
1990,) o f a number o f compact HII regions suggests that effective temperatures are less 
than T ej j  ~40,000K in these objects. G37.874 is the only compact HII region where such 
an effective temperature is consistent with the lower limit cluster temperatures (table 
2.7).
From RRL measurements, microturbulence is possible in some or all o f the HII re­
gions. Results from comparison o f observations with Shields’ models are generally un­
changed with the addition o f microturbulence, i.e. the ne =  104cm -3  model still remains
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in agreement with observations. However, including microturbulence into the models o f 
chapter 2 suggests electron densities must be greater than ne =  102cm ~3. It is clear that 
at least one o f ne, T ej j  and 'VTurb must be constrained in order to make any accurate 
predictions about the other physical parameters.
4.6 Conclusions
Observations o f the Ifel 2.058 pm , Hel 2.113/rm and Br7  lines were made for HII regions 
selected on the premise o f larger source sizes than the UCHII region sample o f chapters 2 
and 3. The observed Hel 2.058 /¿m /B r7  ratios are consistent with lower electron densities
2____0
ne >10 cm than those o f the UCHII region sample, suggesting that these larger sources 
have expanded to lower electron densities, and hence collisonal excitation is not an 
important process.
Another plausible reason why lower Hel 2.058/rm /B r7  ratios are observed in these 
objects is lower effective temperatures. From single star temperatures derived from radio 
flux measurements this seems to be the case for four objects in fig 4.5. Examining the 
observed ratios against both the models o f chapter 2 suggests that if single star temper­
atures are upper limits and cluster temperatures lower limits to the actual temperature 
in a nebula, then all compact HII regions, except G105.627, can be represented by an 
electron density model in the range ne=102-1 0 4cm -3 with any electron temperature in 
the range T e= 5 ,000-10,000K, the higher density model being an upper limit. G 105.627 
agrees with an HII region model for ne= 104cmT3 and a single star o f T ej j  ~32,000K. 
The inclusion o f a microturbulent FW HM velocity o f ~28 kms- 1 , as proposed for the 
UCHII regions in chapter 2, rules out this lower density model. In this case, the lower 
ratios must be attributed to slightly lower effective temperatures in this sample than in 
the UCHII region sample. Thus the Hel 2.058 pm/Br^ ratios he on the rising part o f 
the model curves.
Shields’ models reveal a probable error in the models o f chapter 2 which is the result 
of the neutral helium to hydrogen fraction decreasing with increasing T ej j .  This does 
not present any discrepancies in interpreting the results from the two sets o f models in
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these compact HII regions, since effective temperatures are probably not greater than 
38,000K in these objects, the value above which the Shields’ models turn over. Shields’ 
models calculated for mean electron temperatures T e= 7 ,500-10,000K, where the electron 
temperature varies with radius, also rule out the lower density model, except for G76.188 
and G77.965. Densities greater than this would be consistent with the observations. The 
inclusion o f microturbulence requires G77.965 to have an higher electron density.
The Hel 2.113 //m  blend has been detected in two objects, and these observations sug­
gest that lower density models than ne =  104cm -3  are indeed plausible in the general case. 
It is clear that electron densities and/or effective temperatures need to be constrained 
further to establish any firm conclusions. However, it appears that lower electron den­
sities coupled with lower effective temperatures provide the explanation o f lower Hel 
2.058/im /B rq  ratios in this compact HII region sample. Effective temperatures may be 
measured from far-infrared fine structure lines and model atmosphere codes. Electron 
densities are studied in detail in chapter 5.
Chapter 5
Electron density determination 
in HII regions
5.1 Introduction
The Hel 2.058/xm /Br7 ratio has been studied in UCHII regions and compact HII regions 
in the previous chapters. All the models used for comparison with observations have 
been formulated on the pretext that a constant density is appropriate for these objects. 
Electron densities are generally presumed to be o f the order ne =  104cm ~3 for UCHII 
regions and lower for compact HII regions. These values are based on electron densities 
calculated from radio fluxes using either flux densities integrated over the source or peak 
flux densities per beam multiplied by the source size. Constant electron densities inferred 
from He+ /H + ratios, specifically the Hel 2.058 fim/Bv-y ratio, may not necessarily reflect 
the same density values, particularly if the HII region is not homogeneous. In section 
5.2, an in depth discussion o f different methods and associated caveats in calculating 
electron densities is performed.
The aims o f this chapter are twofold, firstly to calculate electron densities for the HII 
regions studied to date, to test whether the initial assumption, o f electron densities o f  the 
order ne= 104cm -3  for UCHII regions and lower for compact HII regions, is valid here. 
Radio continuum measurements calculated for the objects in chapters 2 and 4 are used for
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these calculations in section 5.3. Comparison o f electron densities deduced from observed 
Hel 2 .058/[¿m/Brq ratios and those calculated from radio continuum measurements for 
the HII regions is carried out in section 5.3.1.
Secondly, in previous chapters it has been shown that local conditions and physical 
processes affect the Ilel 2.058/rm /Brq and other He+ /H + ratios. Thus, general HII re­
gion recombination line models have to be refined for each HII region. A next stage in 
modelling line ratios in HII regions is to substitute appropriate density distributions into 
individual models. Crude density gradient models reflecting different HII region mor­
phologies are constructed in section 5.4 along with more detailed density gradient models 
o f two UCHII regions obtained from Simpson and Rubin (1984) and Colgan et al. (1991). 
From this modelling some insight can be gained into the accuracy o f assuming constant 
electron densities; in particular to address whether discrepancies between observed Hel 
2.058pm/Br'y ratios and those from constant model predictions may be attributable to 
the constant density approximation, rather than microturbulence. Conclusions are then 
drawn in section 5.5.
5.2 Electron Densities
Two different methods are widely used to determine electron density. The electron den­
sity o f a HII region is commonly calculated from either radio continuum measurements 
or fine structure line ratios. The advantages and disadvantages o f both methods are 
discussed in detail below.
ts
The advantage o f deriving electron densities from radio measurements are that these 
measurements are unaffected by interstellar extinction and the density derived is only 
weakly dependent on electron temperature (eqn 5.1). However, the distance to the source 
and the source size must be known (eqn 5.1); both parameters are subject to uncertain­
ties. Distance ambiguities are discussed in section 4.5.3, and disagreement in source size 
is rife between different authors and papers c.f. source sizes by Zoonermatkermani et al. 
(1990) and W ood and Churchwell (1989). This may be partly because the resolution 
of the instrument varies with frequency. The resultant density will be an rms density
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averaged over the nebula.
Alternatively, fine structure line ratios, i.e. the ratio o f a pair o f  lines which are 
emitted by an excited atom from two levels with nearly the same energy, are often used. 
By examining collisional effects in detail the electron density in a nebula may be inferred.
Figs 5.1A and B show the dependence o f the far-infrared fine structure line pair 
ratios o f [OIII] 51.81/88.33/im and [SIII] 18.7/33.6^m  respectively, on electron density. 
To understand the curves and their asymptotic behaviour it is necessary to consider two 
limits. In the low density case, every collisional excitation is followed by radiative decay 
and emission o f a line photon. In this scenario, the line pair ratio is purely the ratio o f 
the collision strengths which for a pair o f lines with a small energy difference, is governed 
by the statistical weights o f the two upper levels. The intercept on the y axis, which 
represents the line ratio in the low density limit, is thus a measure o f the statistical 
weights. Collision strengths vary slightly with electron temperature as shown by the 
dotted lines (see section 1.2.3). The critical density, nc o f a transition is defined as the 
density at which collisional de-excitation becomes equally as important as spontaneous 
decay. Critical densities are nc=  3 .8 x l0 3 and 1 .7 x l0 3cm -3  for the [OIII] 51.8 and 
88.3pm  lines and nc=  2 x l0 4 and 6 .5 x l0 4cm~3 for the [SIII] 18.7 and 33.6 pm  lines. 
Thus, as electron density increases collisional de-excitation becomes more important. 
In the high density case, there is a large probability o f collisional de-excitation, thus 
significant level populations are built up in the two levels. Only after a number o f 
repeated collisional excitations and de-excitations will a spontaneous transition occur, 
resulting in a line photon. In this case, the fine structure line pair ratio is a function 
o f the two level populations, which are in turn given by the relative statistical weights, 
multiplied by the relative transition probabilities o f radiative transitions from the two 
upper levels. Thus the line ratio will saturate as shown in figs 5.1A,B.
In the intermediate case, it is between the two critical densities o f the two line 
transitions concerned, that the fine structure line ratio is most sensitive. Different line 
pairs in different species are sensitive to different density ranges. Examples o f a number 
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Figure 5.1: (A ) the [OIII] 51 .8 /88 .3 /mi and (B) [SIII] 18.7/33.6pm  forbidden line ratios 
as a function o f ne.
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This electron density determination is independent o f size o f and the distance to the 
nebula. Far-infrared fine structure line ratios are fairly insensitive to electron tempera­
ture (fig 5.1A ,B) and extinction.
In contrast to the density inferred from the radio which is a global average, the fine 
structure line ratio is a particular measure o f the density in the ionized zone o f the 
ion concerned. Thus for example, if the density in the ionized zone is well above the 
critical density o f the two fine structure fines measured, the fine ratio will just reflect 
the saturated value. Differences in densities derived from the two methods may reflect 
small scale structure i.e. clumping in the ionized gas.
W ood and Churchwell (1989) observe different geometries resembling the structure 
of compact HII regions. Cometary, core-halo, shell, spherical and irregular or multiply 
peaked morphologies are established from their appearance in radio maps at 5 and 15 
GHz. The difference in the densities derived from radio continuum measurements and 
those inferred from fine structure fine calculations should be highlighted when considering 
core-halo sources where the emission from the 0 [III] and S[III] ionized species may be 
dominated by the greater volume o f diffuse emission.
The Hel 2.058/rm recombination fine becomes dominated by colfisional de-excitation 
from the 23S to the 2*P level above nc ~ 5 x l0 3cm -3  (Osterbrock 1989). Therefore 
like the far infrared 0[III] and S[III] lines, the Hel 2.058pm/Br^f ratio is potentially 
an indicator o f electron density also. However, this is not the case unless the effective 
temperature T ej j  is accurately known, since the Hel 2.058/rm /B r7  ratio is highly sen­
sitive to stellar effective temperature, below 38,000K for the models o f chapter 2 and 
for all temperatures for Shield’s models, discussed in chapter 4. This ratio is heavily 
influenced by optical depth effects in the resonant 11S -21P level which is affected by 
local conditions. Physical conditions which affect the ratio are the relative neutral he­
lium to hydrogen fractions, microturbulence in the nebula and also to a lesser extent 
electron temperatures and helium abundance. Therefore, only after all these parameters 
are ascertained can any reliable electron density estimate be made.
Consequently, radio measurements, although subject to distance and source size esti­
mate errors, present a much more reliable estimate of the electron density than densities
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inferred from Hel 2.058 pm/Bry ratios.
5.3 Integrated electron density calculations
On the basis o f the previous discussion, best estimates o f electron densities are now 
calculated individually for the UC1III and compact HII region samples o f chapters 2 and 
4. The rms electron density can be calculated from an optically thin radio flux density, 
Su, using the equations o f Panagia and Walmsley (1978):
/  c  \  ° .5  /  t  \  °-25 / n  \ ~ 0-5
- = 3u -2(t ì ) (m k ) (& ) W * * # *  (*■»
where b(u,Te) is a form o f the Gaunt factor. Assuming an electron temperature o f 
T e =  10,000K and S„ as the 15GHz integrated flux density, eqn 5.1 can be written:
0.5 / n  \ -0.5
-1.5
ne =  167064 x ( -¡r-) (  1~~  ) 0r ° (5-2)J ij)  \kpc
The underlying assumption in this equation is that the continuum is optically thin at 
15GHz, for the HII regions studied. Optical depths estimated for the com pact HII 
regions in section 4.3 seem to corroborate this assumption. For the UCHII regions optical 
depth values given in table 2.4 suggest that the radio continuum may not be completely 
optically thin at 15GHz, therefore the 15GHz values were corrected for optical depth 
effects analogous to to the correction applied in eqn 2.2.
Distances for the UCHII regions are given by W ood and Churchwell (1989) who take 
these values from various authors, e.g. Downes et al. (1980) and Wink et al. (1982). 
Downes et al. (1980) also provide distances for several o f the compact HII regions. For 
the rest o f the sample the distances were derived from local standard o f rest (LSR) 
velocities given by Lockman et al. (1989) or estimated from CO maps by Sanders et al. 
(1986) from eqns 4.7 and 4.8. The LSR velocities were transformed into radial velocities 
w.r.t. the sun using the Starlink program RV. These distances are given for each HII 
region in table 5.1.
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6r is the source radius in arcsec, estimates o f which vary from paper to paper. 
For the compact I HI region sample, source sizes from Zoonermatkermani et al. (1990) 
were initially considered, and source sizes from other authors were used in the density 
calculations in cols 6,7 and 9 o f table 5.1 for comparison. Likewise, for the UCHII region 
sample, W ood and Churchwell (1989) source sizes were used and electron densities from 
different source sizes given in cols 7-9 o f table 5.1. The source radii from the two named 
authors are given in column 4 o f table 5.1. For the Zoonermatkermani et al. (1990) 
objects, the source size listed in table 5.1 is the geometrical mean radius determined 
from FW HM  values obtained from gaussian fits to the m ajor and minor axes o f the 
source. W ood and Churchwell (1989) have different definitions o f source size dependent 
on their morphological classification. The morphology types for the HII regions classified 
by W ood and Churchwell (1989) and Kurtz et al. (1994) are given in table 5.1. For 
cometary sources the geometrical mean diameter was ascertained as described above 
and the radius value, taken from table 11, W ood and Churchwell (1989), is given in table
5.1. For core-halo sources the source radius in table 5.1, comes from the mean value o f 
the minimum and maximum halo diameter listed by W ood and Churchwell (1989) at the 
10% level. Finally, for the HII regions designated as spherical sources the radius o f the 
source in table 5.1 is taken from table 16 (W ood and Churchwell 1989). Several UCHII 
regions have also been catalogued in the Zoonermatkermani et al. (1990) survey. These 
source sizes are 1-3 times smaller than those quoted by W ood and Churchwell (1989). 
Recently, Kurtz et al. (1994) and Becker et al. (1994) have published further observations 
o f the compact HII regions at 8 and 15GHz, and compact and UCHII regions (according 
to their classification in chapters 2 and 4) at 5GHz respectively, which give different 
values for source sizes previously quoted for these objects. Immediately it is obvious 
that there is disagreement between authors and papers, which as described in section 5.2 
is at least partly due to the dependence o f the resolution o f the instrument on frequency.
Considering the errors on the aforementioned three parameters, namely uncertain­
ties in optical depths and thus 15GHz fluxes, distance ambiguities and differing source 
sizes, the derived electron densities should be considered qualitative and not definitive. 
Electron densities calculated from eqn 5.1 are listed in cols 6 -9  in table 5.1 under the 
author and year from which the source radius was obtained. Distance and 15GHz flux
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uncertainities give errors o f ~  100% on calculated electron densities. Electron densities 
calculated by W ood and Churchwell (1989) using peak flux densities per beam are given 
in col 10, table 5.1.
Consultation o f table 5.1 reveals that despite source size uncertainties, electron densi­
ties obtained for the UCHII regions, using source sizes estimates from Zoonermatkermani 
et al. (1990), Becker et al. (1994) and W ood and Churchwell (1989), remain in the range 
ne =  103-1 0 acm 3. Excluding the objects G5.48 and G5.97 which have core-halo geome­
tries, the values o f ne for UCHII regions are constrained to ne =  104-1 0 5cm - 3 ; these 
integrated electron density values are not less than 3 times the electron densities ob­
tained from W ood and Churchwell (1989) using peak measurements per beam. Internal 
differences in integrated electron densities derived from Zoonermatkermani (1990) source 
sizes and those derived using W ood and Churchwell (1989) values are a factor o f ~  2-4 
(higher, using the latter values for the source size). For the core-halo sources the radio 
emission may be better represented by the core diameter rather than the mean o f the 
core+halo diameter used here. This would lead to higher electron densities than those 
listed in table 5.1.
For the com pact HII regions, using Zoonermatkermani et al. (1990) source sizes, 
electron densities are o f the order ne =  103cm - 3 . Recent measurements by Becker et al. 
(1994) at 5GHz, give smaller source sizes which result in electron densities 1-3 times 
higher than those found using previous source sizes. Kurtz et al. (1994) give source 
sizes a factor 1-3 smaller than the nominal Zoonermatkermani et al. (1990) source sizes, 
which results in electron densities a factor o f 1-6 larger (ngCX#^1'5).
It is still possible to conclude that for the compact HII regions, all these source 
size estimates yield electron densities which span the range ne =  103-1 0 4cm ~3. Thus the 
initial assumption that expected densities o f the UCHII regions should be o f the order 
ne= 104cm~3, and that o f compact HII regions lower, found here to be ne<104cm - 3 , is 
verified in general.
However, compact HII regions densities do not appear to be low as predicted from 
the Hel 2.058/rm /B r7  ratio models proposed in chapter 2 and investigated for these 
objects in chapter 4, for which the ne =  102cm -3  model agrees with the observations.
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Therefore microturbulence is also expected in compact HII regions if these models are to 
be credited. Alternatively, Shield’s (1993) model for ne =  101cm -3  is consistent with the 
observations. Comparison o f the electron densities derived in this section and electron 
densities inferred from Hel 2.058 ¿¿m/Br7  observations are discussed in detail below.
5 .3 .1  C om p arison  o f electron densities with H e l  2 .0 5 8  p m / R r y  ratios
In fig 5.2 electron densities derived in section 5.3, are plotted against observed Hel 
2 .058 /im /B r7 ratios and their lcr errors. Source sizes from W ood and Churchwell (1989) 
for the UCHII regions, and Zoonermatkermani (1990) for the compact HII regions were 
used. The compact HII region data are represented by crosses and the UCHII region data 
by filled circles. Error bars on electron density estimates are not plotted, since different 
estimates are dominated by systematic errors, which cannot be accurately represented by 
formal error bars. There are two points to note, a) there does appear to be a trend that 
electron densities are higher for higher observed Hel 2.058 pm/Bry ratios in the compact 
HII region sample. From a least squares fit to the data, a correlation coefficient o f 0.82 
for 10 data points (99.8% significance) was found, b) a similar trend is not apparent 
amongst the UCHII regions (correlation coefficient o f 0.09). The vertical error bars on 
the observed ratios bring all the data points to overlap, thus the UCHII regions may all 
have very similar Hel 2 .058/im /B r7 ratios.
To understand why the electron density should vary so greatly for a given observed 
Hel 2.058 ^im/Br7  ratio one must return to model Hel 2.058/rm /B r7  ratio predictions. 
Figs 2.2, 2.3 and 4.3 and 4.4 show that for a given electron density there are a range o f 
theoretical Ilel 2.058 pm/Bry ratios possible since the ratio is a function o f stellar temper­
ature, T ej j .  Consideration o f the models formulated in chapter 2 and those by Shields, re­
veals the Hel 2.058pm /Bry  ratio is possibly only constant above T e^ = 3 8 ,0 0 0 K  (35,000K 
dense dusty models). Therefore only for this case would an obvious correlation between 
electron density and observed Hel 2.058/um/Br7  ratios be expected.
Fig 5.3 shows a plot which estimates a theoretical Hel 2.058pm /Bry ratio as a 
function o f constant electron density. This plot is based on the chapter 2 models for 
T e=10000K (solid line) and T e=5,000K (dashed line) assuming the stellar temperature
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Figure 5.2: Observed Hel 2.058/cm /Bi'7 ratio vs. electron density, ne. ne values are 
calculated from radio continuum measurements. The filled circles and crosses represent 
the UCHII region data and the compact HII region data respectively. The dotted line is
the best fit to the compact HII region data.
T eyy is greater than 38,000K, thus the ratio can be represented by a single value for 
a given density. It is then easier to see how the ratio increases as electron density
increases due to increased probability of collisional de-excitation from Hel 2 !S level to
the 2*P (section 2.5.2). The electron densities derived in section 5.3 infer the observed 
Hel 2.058jum/Bi'7 ratio to lie between 1.06 and 1.38 at T f.= 10,000K, (0.82 a,nd 0.95 
T e=5,000K ) for the UCHII region sample and between 0.91 and 1.28 (0.78 and 0.89 
T e=5,000I<) for the compact Mil region sample (see fig 5.3). Observed Hel 2.058/.tm /Br) 
ratios range between 0.68 and 1.00 for the UCHII regions (table 2.4) and 0.53 and 
0.85 for the com pact II11 regions (table 4.6). Ilie ratio for 076.188 is only 0.17, this 
value is much lower than that obtained for any other object and is not included in the 
following comparison since the effective temperature for this object is undoubtedly less 
than 38,000I< (table 2.6).
If the model in fig 5.3 is considered valid, microturbulence is required for consistency 
with the observations for the T e=10,000K models. Microturbulence is also required for 
agreement between some of the observed Hel 2.058//.m /Bi'7 ratios for the l f.=5,0001\
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Figure 5.4: Predictions o f the theoretical Hel 2 .0 5 8 /im /B i'7  ratio with line width for 
T e= 5 ,000K  (dashed line.) and T e=10,000K  (solid line) and ne =  102 and 104cm - 3 .
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models. I here is evidence for turbulent FWHM velocities o f up to 50 kms 1 and on 
average 30 kms-1 in these HII regions c.f. Downes et al. (1980). Fig 5.4 depicts the 
decrease in the Hel 2.058yum/Br7  ratio with increasing microturbulence for the same 
physical conditions outlined in fig 5.3 for constant electron density values, ne=102 and 
104cm 3. From fig 5.4 it is clear that the addition of microturbulence into the appropri­
ate electron density and temperature model can reproduce observed Hel 2.058pm/Br^f 
ratios.
Therefore observing HII regions with different effective stellar temperatures and 
varying amounts o f microturbulence could mask any correlation between observed Hel 
2 . 0 5 8 ratios and electron density. Alternatively, if a constant electron density 
is not an adequate representation o f the density structure in the HII region and or an 
integrated density inferred from radio measurements is not compatible with the constant 
density assumed from Hel 2.058/rm /Br7 ratios, then a correlatation between integrated 
or averaged radio values and observed Hel 2.058fim/Bvf ratios is not to be expected. 
This is the subject o f section 5.4.
5.4 Density gradient modelling
Moving onto a detailed examination o f electron densities as a function o f radius as 
opposed to using rms and constant electron densities averaged over the source discussed 
previously, the aim in this section is to examine whether a constant density model is 
appropriate for HII regions and if turbulent motions are an essential component to model 
Hel 2.058/rm /B r7  ratios.
Several models with different density profiles have been constructed to try to es­
tablish the accuracy o f the Hel 2.058/um/Br7  ratio calculated with a constant density 
assumption, compared to the ratio derived using a realistic density distribution as evi­
dent from the different geometries observed. Two o f the UCHII regions have published 
mapped density distributions; calculated Hel 2.058/rm /B r7  ratios from these models 
should be a further test o f the constant density models. It is worth noting at this point 
that the observed Hel 2 .058 /xm /Br7  ratios have associated errors between 0.03 and 0.23
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corresponding to errors in ne o f order a few hundred to a few thousand cm -3  respectively 
(see fig 5.3). Therefore, only if the difference in Hel 2.058¿ím /B r7  ratios calculated from 
constant and realistic density distributions is greater than the observational errors will 
accurate density calculations be advantageous over the constant density approximation.
Also as discussed above, constant electron densities derived from radio continuum 
measurements and those predicted from observed Hel 2.058/rm /Br7 ratios will intrinsi­
cally be different if there is any clumping in the region. Calculating the Hel 2.058 pm /B rj 
ratio for a density gradient model should give more accurate results as long as the basic 
assumptions o f the model remain valid.
5 .4 .1  D en sity  d istrib u tion s-G au ssian  M o d els
In order to construct any electron density model some approximations need to be made. 
For the following calculations spherical symmetry was assumed and the model nebula 
divided into volume shells o f constant electron density and size A R =0.01pc. Blister and 
bow shock models are discussed in section 1.4 and are favoured as more realistic models 
o f HII regions by several authors. However these geometries are much more difficult to 
model, for this reason a further discussion o f these geometries is refrained from. Next, 
some density distribution as a function o f radius needed to be assumed.
Power law density distributions were initially considered, however a distribution o f 
this type would have to be truncated to avoid an infinite density at the centre o f  the 
nebula radius=r0. Due to the artifical cut off required in these power law models a 
Gaussian distribution is undoubtedly more physically realistic although still a crude 
approximation o f any o f these morphological types. This type o f distribution is used as 
a first approximation. Broadly, a core-halo source can be represented by a very steep 
gaussian plus a broad shallow gaussian, a spherical source by a steep gaussian and a shell­
like source by a gaussian with its centre offset, (i.e. a hole in the centre). Illustrative 
models are shown in fig 5.5 where the peak density is assumed to be ne =  104cm - 3 . 
Microturbulence was not incorporated into these models.
The integrated Hel 2 .058 /xm /Br7  ratio was then calculated by summing the Hel
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Figure 5.5: Modelled Gaussian density distributions for spherical, shell and core-halo 
sources as a function o f radius.
'2.058 p m  and B 17  emission coefficients j H(:l, j g in each volume shell:
Integrated Hel 2.058/m i/B i'7 ratios can then be compared to the model Hel 2.058/B i’7 
ratios o f the. previous chapters and for an assumed stellar effective temperature and 
electron temperature a representative constant electron density can be inferred. This 
“ constant” electron density can then be compared to radio peak and integrated electron 
densities and conclusions drawn.
For suc.h comparisons, the models o f chapter '2 with recombination coefficients calcu­
lated from Smits (1991a) were used since it is possible to approximately reproduce these 
Hel 2.058/im /B r7  ratios as a function of density using eqn 2.7 and values from Oster- 
brock (1989), see section 2.5.2. Additionally, for these models an exciting temperature
lliel _  E , ‘= l
(5.3)
equivalently,
E " = i n e n H+  ( t )  a e f f { JBn ) r i & r
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greater than the saturation temperature o f 38000K is assumed along with an electron 
temperature o f T e =  10,000I\ initially. For these conditions the Hel 2.058 ^ m /B r7  ratio 
has a value o f 1.28 for a constant density ne=104cm~3.
For gaussian density distributions for the spherical and shell-like sources given in 
fig 5.5 peak electron densities o f ne =  104cm -3  were taken as representative o f the peak 
values per beam given by W ood and Churchwell (1989) in their table 17, and the gaussian 
distribution o f FW HM  O.lpc was chosen as representative o f values for spherical and 
shell-like sources given by table 16, W ood and Churchwell (1989). For the core halo 
source a gaussian with peak electron density o f ne= 103cm -3 and much larger FW HM  
of 0.4pc (representative o f halo diameters for the latter half o f table 13, W ood and 
Churchwell 1989) was added to the spherical gaussian model described above. For these 
three density models in fig 5.5 labelled SPH, SH and CH, representative o f spherical, shell 
and core-halo morphologies, Hel 2.058/¿m /B r7  ratios o f 1.01, 1.07 and 0.95 were found. 
These values correspond to constant densities of 2.5X103, 3 .5x 103 and 1 .5 x l0 3 cm3 
respectively.
The integrated ratios are fairly insensitive to the outer radius, i.e. the size o f the 
HII region, and the FW H M  for these distributions as long as the gaussian is not trun­
cated. The scaling factor which gives the peak density is an important parameter. It is 
instructive to know for the geometries considered whether the Hel 2.058/im /B r7  ratio 
is dominated by the peak density, reflects some averaged density over the region or is 
dominated by lower densities due to extended emission, if applicable, as given from radio 
continuum measurements.
Firstly considering the spherical and shell like distributions, peak density values 
were varied between 103-1 0 5cm ~3. The integrated Hel 2.058/rm /Br7 ratios for the 
spherical and shell-like density models remained lower than the ratio obtained for an 
HII region with constant density corresponding to the peak value o f that distribution. 
Equivalently, the constant density corresponding to the integrated Hel 2.058 pm/Bry 
ratio, is appreciably less than the peak density for the gaussian disributions representing 
spherical and shell-like HII regions, from which the integrated Hel 2.058 ¿xm/Br7  ratio 
was deduced. Thus the Hel 2.058/m i/B r7  ratio represents some average density in the
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nebula.
For the core-halo source, the greater the emission in the halo, i.e. the larger the peak 
value o f a realistic halo gaussian or equivalently the wider the core distribution for a given 
halo distribution, the lower the integrated Hel 2.058 p m /B r7  ratio. From the integrated 
value for this distribution it is apparent that the greater volume o f extended emission in 
the halo is responsible for the electron density deduced from the Hel 2.058 pm/Br'y ratio. 
Examination o f fig 2.2 reveals that the enhancement factor o f the Hel 2.058 p m /B r 7  ratio 
varies only by a factor o f two with changes in density o f over four orders o f magnitude 
ne =  102-1 0 Gcm~3. Therefore the ratio is most sensitive to the density occupying the 
largest volume. Thus any density distribution with a halo volume greater than the core 
volume will reflect the density in the halo.
In order to examine this effect in more detail, realistic reconstructed mapped density 
distributions, as opposed to model density distributions, are now considered for two 
UCHII regions for which detailed density distributions are available in the literature.
5 .4 .2  C ase stu d ies -tw o  U C H I I  regions
Detailed density distributions have been mapped by Simpson and Rubin (1984) and Col- 
gan et al. 1991 for the UCHII regions G29.96 and G45.12 from radio continuum brightness 
maps. These authors assumed spherical symmetry. It should be noted that spherical 
symmetry is a first approximation to the actual three dimensional source structure, 
which may be somewhat complex. Indeed, for this reason, Hoare et al. (1991) decided 
a constant density approximation was as physically realistic as the models o f Colgan et 
al. (1991) for G45.12. Furthermore, both G29.96 and G45.12 have designated cometary 
morphologies by W ood and Churchwell (1989), so spherical symmetry is certainly a rough 
approximation in these cases.
By replacing each surface brightness contour on the radio map with a circular contour 
the emission was determined by solving the radiative transfer equation for the brightness 
temperature:
Tbv =  Te( l - e rn (5.5)
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Assuming an optically thin nebula:
n2e (r)d r =  S l T°e ™Tbv{r)dr  (5.6)
The technique is described by Megeath et al. (1990).
The density distributions for G29.96 and G45.12 are given in figs 5.6 and 5.7. For both 
UCHII regions, conclusions in chapter 3 suggest an electron temperature o f T e=10,000K 
is representative for these two objects (section 3.4.2). Thus for subsequent conversion 
o f integrated ratios to “ constant” electron densities, only the constant density model of 
chapter 2 for T e =  10,000K is considered.
G 29.96
The observed Hel 2.058/rm /Br7 ratio for G29.96 is 1.00T0.05 (table 2.4). The den­
sity distribution by Simpson and Rubin (1984) is given in fig 5.6, who approximate the 
asymmetrical structure by circular contours to obtain a shell structure with a hole in the 
centre and a peak density o f ne= 8 .5 x  103cm - 3 . From later radio measurements by W ood 
and Churchwell (1989) in contrast, a peak density per beam of ne= 4 .4 x  104cm ~3 was 
found. Therefore the Simpson and Rubin (1984) distribution may well lead to an under­
estimated integrated Hel 2.058pm/Bvy ratio. For this given density distribution in fig
5.6, the predicted Hel 2.058/rm / Br7  ratio is 0.98, which corresponds to a constant elec­
tron density o f ne~ 2 x l 0 3cm - 3 . This density reflects the diffuse component for G29.96 
shown in fig 5.6. In table 5.1, integrated electron densities o f ne=  8 x l0 3-1 .3  x l 0 4cm -3  
were calculated for G29.96 using 15GHz radio continuum measurements (col 4 table 5.1) 
and the appropriate source size quoted by each author. These values are a factor o f 
3-5 times less than the peak value from W ood and Churchwell (1989), given in col 8 o f 
table 5.1 and comparable to the peak density o f the Simpson and Rubin (1984) density 
distribution. On the basis o f these values alone, microturbulence would be expected 
(see fig 5.4) to bring the Hel 2.058/rm /Br7 ratio for these constant electron densities 
into agreement with the observed ratio o f 1.0. However, for a density distribution like 
that in fig 5.6 the predicted volume shell integrated Hel 2.058ynm/Br7  ratio is consistent 
with the observed ratio for G29.96 without microturbulent induced Hel line broadening.
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Figure 5.6: M odel density distributions by Simpson and Rubin (1984) for G29.96 and 
G 45.12 as a. function o f radius.
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Figure 5.7: Model density distributions by Colgan ct al. (1991) for G45.12 as a function 
o f radius.
Chapter 5: Electron density determination in HII regions 154
J herefore to explain observed high resolution HI and Hel line widths (see section 2.6) 
and the RR.L line widths measured for G29.96 there are two possible explanations. Ei­
ther spherical symmetry is too crude an approximation leading to lower integrated Hel
2.058 p m /B r 7  ratios for a microturbulent HII region than actually observed. Evidently 
a full integration over the realistic source geometry would be necessary. Or, the observed 
FW HM  velocities must be attributed to turbulent motions on scales larger than 1012cm 
(Hel 0.0584pm  photon mean free path, section 2.6) or large scale expansion velocities. 
In this case a spherically symmetric density model for the distribution o f G29.96 is a 
good first approximation.
G 45.12
The observed Hel 2.058p m /B i’7 ratios for G45.12 range from 0.80±0.04 to 0.93±0.04 
(table 2.4, CGS2 and CGS4 measurements respectively).
Three circularized distributions are given in figs 5.6 and 5.7 for G45.12 the first o f 
which differs rather dramatically from the other two. The first, by Simpson and Rubin 
(1984), can be approximated by a straight line with a maximum ne= 6 .5 x l0 3cm ~3 (fig 
5.6). The second and third model distributions (fig 5.7) discussed by Simpson and Rubin 
(1984) and updated and revised by Colgan et al. (1991) resemble core-halo structures 
with peak rms electron densities o f ne~ 4 - 7 x l0 4cm-3  per beam for rms and clumped 
model distributions respectively, which they claim to be consistent with the W ood and 
Churchwell (1989) VLA map. A peak value per beam of ne~ l . l x l 0 5cm ~3 is calculated 
by W ood and Churchwell (1989). The integrated Hel 2.058/Br7 ratios for these three 
model distributions are 0.95 and l.OO(rms) and 1.06(clu). Interestingly, although these 
density distributions are profoundly different the ratios obtained are not too  discrepant 
when errors on observed Hel 2.058p m /B r7  ratios are taken into account. These inte­
grated ratios imply constant densities o f ne ~ 1 .5 -3 .5 x  103cm 3, c.f. fig 5.3, considerably 
lower than peak density estimates, again a reflection o f the broad halo extending out­
wards from r=0.2pc, shown in figs 5.6 and 5.7. These latter density estimates are fairly 
consistent with predicted electron densities by Colgan et al. 1991 from the far-infrared 
[OIII] 5 2 /8 8 pm fine ratio.
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Again using the 15GHz integrated flux densities calculated in chapter 4 and the 
different source sizes quoted in table 5.1, integrated electron densities o f ne ~ 8 x l 0 3cm -3 
and 3 .7 x 1 0 ’ em 3 were found, the latter value comparable to peak densities used in the 
Colgan et al. (1991) models. If these estimates o f the electron density were considered 
representative o f a “ constant” electron density in G45.12, Hel 2.058 /rm /B r7  ratios o f 1.19 
and 1.32 respectively, would be expected. To explain the observed Hel 2 .058 //m /B r7  
ratios in this case, microturbulent motions resulting in broadened lines o f FW HM  35 
kms 1 corresponding to FW HM  turbulent velocities o f 28 kms-1 are proposed.
W ith the density distributions described above for a non-tubulent HII region, the 
CGS4 observed Hel 2.058^ m /B r7  ratio o f 0.93T0.04 agrees to within 2o  with the inte­
grated Hel 2.058¿¿m /Br7 ratios derived from the straight line and rms core-halo distri­
butions, but the value derived from the clumped core-halo distribution is greater than all 
three observed ratios for G45.12 and microturbulent FW HM  velocities o f 15-21 kms-1 
are required.
For G45.12, R.RL FW HM  velocities o f 48 kms-1 by Downes et al. (1980) and 30-42 
kins'-1 by Wink et al. (1982) have been measured. For the density gradient models less 
microturbulence is required for the predicted Hel 2.058/¿m /Br7 ratios to be consistent 
with observations than if the radio integrated electron densities are assumed, and the 
Hel 2.058/rm /B rq ratios predicted from the constant density model.
5.5 Conclusions
To summarize the results o f this investigation into electron density strucure in HII re­
gions:
a) the assumptions o f previous chapters that the average electron density expected for
UCHII regions is o f the order ne= 104cm -3  and lower for compact HII regions is verified.
From radio continuum measurements, electron densities were found to be in the range
ne =  104-1 0 5cm -3  for UCHII regions and ne=103-1 0 4cm -3  for compact HII regions. The
results o f chapter 4 do not change in light o f the higher electron densities found for the
2  0
compact HII regions than the expected densities o f ne =  10 cm , since generally lower
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electron densities are found in the compact HII region sample. However, electron den­
sities inferred from radio continuum measurements and the Hel 2.058/rm /B r7  ratio will 
not be the same unless the density structure is homogeneous throughout the HII region.
b) Density gradient distributions calculated from radio maps can be used to determine 
a more accurate prediction o f the Hel 2.058/¿m /B i'7 ratio for an HII region, however all 
models assume spherical symmetry which is only a first approximation and may not be 
valid.
c) A diffuse halo will dominate the Hel 2.058gm/Br')' ratio. Otherwise, the ratio appears 
to represent some averaged density in the nebula, probably lower than the integrated 
density predicted from radio continuum measurements.
d) Differences between theoretical Hel 2.058/¿m /B r7 ratios, for the UCHII regions 
G29.96 and G45.12, calculated from constant density and density gradient models are 
greater than the errors on the observed ratios for these objects. Ideally, rather than 
assuming spherical symmetry, the Hel 2.058pm/Br') ratio should be calculated for the 
most realistic source geometry.
e) From density profile models o f the UCHII regions G29.96 and G45.12 it was found that 
integrated Hel 2.058 pm /Bry  ratios derived from these models are less than predicted 
Hel 2.058/^m /Br7 ratios derived from a constant density model, where the constant den­
sity is inferred from radio continuum measurements integrated over the source. Thus, 
whereas microturbulence may be needed to explain observed Hel 2.058 ^ m /B r7  ratios in 




Starburst galaxies are sites o f massive star formation, characterized by their far-infrared 
excess, the result o f reradiation o f UV photons from newly formed hot OB stars to longer 
wavelengths by dust particles. These galaxies are currently forming stars at a rate which 
is thought to be so high that it could not have been sustained throughout the lifetime 
o f the galaxy, although uncertainties in the IMF make this difficult to quantify.
In starburst galaxies, star formation occurs in sporadic (t= 1 0 7-1 0 8yr, e.g. Telesco and 
Gatley, 1984) and (speculated) recurring bursts and therefore one should see the whole 
range o f HII region evolution from UCHII regions, to com pact HII regions, to diffuse, 
also termed as extended or giant, HII regions in these galaxies (see table 1.1). As giant 
HII regions contain a much greater volume o f ionized gas, integrated He+ /H + emission 
line ratios from starburst galaxies, should in general reflect the physical properties o f 
giant HII regions, i.e. low electron densities and less microturbulence. This should be 
true provided that the chosen He+ /H + ratio is not unduly sensitive to any high density 
components or, unless the galaxy is experiencing its first burst o f star formation i.e. it 
only contains young UCHII and compact HII regions.
The aim o f  this chapter is to use the Hel 2.058 pm /Bry ratio diagnostics developed 
in earlier chapters to examine stellar populations and effective temperatures, T efj ,  in
157
Chapter 6: Starburst Galaxies 158
the widest possible range o f actively star forming galaxies. A sample has thus been con­
structed which includes a wide range o f luminosities and contains giant HII regions in 
other galaxies, dwarf galaxies, normal spirals, and ultraluminous IRAS galaxies. (Here­
after, this sample is referred to as a starburst galaxy sample even though it contains giant 
HII regions). In all o f these categories, the precise physical mechanism for triggering star 
formation is controversial, but these different mechanisms are highly diverse. Clearly, 
any detailed discussion o f these effects is well beyond the scope o f this chapter. However, 
from Hel 2 .058/rm /B r7 ratios it should be possible to investigate whether these different 
environments have any effect on the nature o f the resulting stars formed i.e T ej j ,  and 
their HII region properties i.e. electron densities.
The initial aim o f this work was to examine T ej j  and hence masses o f exciting stars 
in starburst galaxies, and thus make some predictions about the upper mass limit Mu 
o f the IM F in these galaxies (see section 2.1). There is mounting evidence (e.g. see 
review by Scalo 1989,) that the IMF in some starburst galaxies is inconsistent with that 
in the solar neighbourhood; the lower mass cut off being markedly higher ~  3 -6  M 0 . 
As Scalo concludes, this result is invalid if the upper mass limit o f the starburst IMF 
has been underestimated, because the upper and the lower mass limits are dependent 
parameters. If Mu is increased sufficiently, then M ; can be decreased to the extent that 
an IMF with M ; comparable to the solar neighbourhood value o f 0.1 M 0 is perfectly 
plausible in these starburst galaxies. From studies by DPJ, the Hel 2.058/¿m /B r7  ratio 
was predicted to be a reliable estimate o f M u for ratios less than ~0 .5 , corresponding 
to an upper mass limit M u <40 M0 . A number o f galaxies in his sample were found to 
have Iiel 2.058¿¿m/Br7  ratios <0.5, suggesting Mu <40 M 0 . Such low upper mass limits 
suport the hypothesis o f lower mass cut offs o f a few solar masses in these galaxies.
From the studies in this thesis so far, however, the Hel 2.058 /rm /B r7  ratio is complex 
and predominantly a function o f local conditions, therefore unless all plasma variables 
are known, this ratio in itself is not an accurate indicator o f effective stellar temperature 
T ej j  or mass. However, in combination with optical Hel measurements a new method 
is suggested by which estimates o f T ej j  can be deduced.
In section 6.2, a brief description o f the galaxy types and properties is given. Note
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that the giant HII regions are referred to as a galaxy category here. In section 6.3, the 
observations are described and the spectra shown. Traditional extinction corrections are 
described in section 6.4. The results from the Ilel 2.058¿¿m /Br7  ratio observations, and 
conclusions inferred from models discussed in previous chapters are presented in section 
6.5. In section 6.6, optical data for these galaxies is reviewed and relevant conclusions 
drawn, and in section 6.7 the infrared and optical data are combined to enable further 
constraints on T eyy in starburst galaxies. Conclusions are presented in section 6.8.
6.2 Starburst galaxy sample selection
Table 6.1 gives the common names o f the objects observed in April 1992. The IRAS 
designation and its equatorial coordinates are given in cols 3 and 4. Table 6.2 gives the 
far-infrared luminosity and the galaxy classification according to the categories below, as 
well as the observed Hel 2.058 pm /B rj ratio. Previous observations o f Hel 2.058pm /Bry 
ratios in a number o f starburst galaxies have been made by DPJ. Table 6.3 is laid out in 
a similar format to table 6.2 for these objects. Recent measurements o f NGC 5253, by 
Lumsden, Puxley and Doherty (1994) are included here.
All the galaxy sample are IRAS sources. The sample in table 6.2 was chosen to 
encompass a wide range o f luminosities from fairly modest luminosities, L ~107-1 0 8 Lq , 
found in the giant HII regions NGC 5461 and NGC5471 in M101, to L ~ 1012LQ, found 
in the ultraluminous IRAS galaxies.
The far-infrared flux F[R is defined in Catalogued Galaxies & Quasars in the IR AS  
Survey (1985) as:
(wSr̂ ) = 3'25 X 10~ '4 (fj) + L26  X 10~14 ) <M>
This is effectively the flux measured through an 80 pm  wide filter centred at 80 pm  and 
has been widely used as a representation o f F ^ .  L w a s  then derived using the recession 
velocity o f the Galaxy given by the N ASA/IPAC Extragalactic Database (N ED ) and 
H0=75 kms-1 M pc- 1 . Values are given in table 6.2.
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Galaxy Other name IRAS1 name Equatorial coordinates 
a(1950) /?(1950)
II Zw 40 IRAS 05530+0323 05 53 05.0 03 23 05
HARO 1 Arp 136 IRAS 07336+3521 07 33 39.7 35 21 18
NGC 2623 Arp 243 IRAS 08354+2555 08 35 25.3 25 55 35
NGC 2903 IRAS 09293+2143 09 29 19.9 21 43 19
HARO 2 Mrk 33 IRAS 10293+5439 10 29 22.2 54 39 23
NGC 3310(HII) Arp 217 IRAS 10356+5345 10 35 40.6 53 45 50
NGC 3310(NUC) 10 35 39.8 53 45 44
NGC 3310(B) 10 35 40.8 53 45 43
HARO 3 Mrk 35, NGC 3353 IRAS 10422+5613 10 42 16.5 56 13 20
NGC 3504 IRAS 11004+2814 11  00 28.1 28 14 35
NGC 3690A Mrk 171 IRAS 11257+5850 11 25 44.2 58 50 23
NGC 3690B 11 25 44.2 58 50 23
NGC 3690C 11 25 44.2 58 50 23
NGC 4102 IRAS 12038+5259 12 03 51.6 52 59 23
NGC 4385 Mrk 52 IRAS 12231+0051 12 23 09.0 00 51 00
HARO 9 Arp 163, NGC 4670 IRAS 12428+2724 12 42 49.8 27 23 58
Mrk 59 IRAS 12566+3507 12 56 40.3 35 07 56
Arp 193 IRAS 13183+3423 13 18 17.0 34 24 04
NGC 5135 IRAS 13229-2934 13 22 57.0 -2 9  34 24
NGC 5461 IRAS 14017+5434 14 01 42.7 54 34 09
NGC 5471 IRAS 14027+5438 14 02 42.7 54 38 08
NGC 5713 IRAS 14376-0004 14 37 37.6 -00 04 35
II Zw 70 Mrk 829 IRAS 14489+3546 14 48 55.1 35 46 36
Arp220 IRAS 15327+2340 15 32 47.3 23 40 06
I Zw 123 Mrk 487 IRAS 15358+5525 15 35 48.4 55 25 34
NGC 6090 Mrk 496 IRAS 16104+5235 16 10 24.0 52 35 00
1 Catalogued in both IRAS point and Faint source catalogues except NGC 5461.
Table 6.1: The starburst galaxy sample and co-ordinates.
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The galaxy sample can generally be divided into morphological subsets.
a) Giant 11II regions- these are isolated evolved external HII regions, powered by hot 
OB stars. Optical studies by Evans et d . (1986) and Torres-Peimbert, Peimbert and 
Fierro (1989) suggest that the two giant HII regions in this sample, NGC 5461 and NGC 
5471, have helium abundances close to the primordial value.
b) Dwarf galaxies, which are small irregular isolated galaxies. They exhibit intense UV 
emission reminiscent o f massive star formation. These objects are generally metal poor; 
it is thought that these galaxies are young and have not undergone numerous recurrences 
o f star formation activity thus population II stars are not so plentiful. Stochastic self 
propagating star formation (Hunter and Gallagher, 1989), has been proposed as the 
star formation mechanism in these galaxies. All Haro objects fall into this category o f 
galaxies. NGC 5253, is dwarf-like in that it is a small young metal poor irregular galaxy, 
but it is not isolated. Indeed, it has been proposed that star formation in this galaxy was 
initially caused from a past interaction with M83 (van den Bergh, 1980). M82, the other 
exception to this category, is also a dwarf galaxy in that it is a small, irregular galaxy, 
and is one o f the earliest “ classical” starburst galaxies observed. It is not however metal 
poor (having an approximately solar abundance; McCarthy, Heckman and van Breugel
1987), and it is known to have an older stellar population. Similarly, star formation is 
thought to result from a past interaction with M81 (Larkin et d . 1994).
c) Spiral galaxies, e.g. NGC 3310, NGC 5713 whose abundance is assumed Galactic. 
Unlike dwarf galaxies, their structure is organised. Spiral density waves in spiral discs 
(Elmegreen and Elmegreen, 1983) are thought to be the mechanism that induces star 
formation in some o f these galaxies. All the spiral galaxies in this sample are classified as 
barred galaxies, although most have weak bars (SAB type m orphology). Star formation 
is also proposed to be initiated from funnelling o f molecular gas in the bar potential 
(Combes and Gerin 1985), e.g. NGC 253, the other classical starburst.
d) Ultraluminous galaxies, all o f which are observed to have large IRAS luminosities, 
L ~1012Lq . The luminosities o f these powerful emission sources can be attributed to a 
number o f processes. One way in which the gas in a molecular cloud can be compressed 
to a critical density for star formation to proceed, is the collapse o f massive (108-1 0 9 M 0 ) 
clouds o f molecular gas funnelled into the centres o f mergers (Scoville and Norman, 1988).
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Galaxy Hel 2.058 pm /B r7 ratio FIR L /L 0 Morphology
HARO 1 0.990±0.320 10.55 BCD
NGC 2903 0.219±0.142 9.57 SP
HARO 2 0.584±0.029 9.42 BCD
NGC 3690A 0.557±0.049 11.41 UL
NGC 3690B 0.369±0.066 11.41 UL
NGC 3690C 0.536T0.056 11.41 UL
NGC 4102 <0.119 9.96 SP
NGC 5135 <0.355 10.92 SP
II Zw 70 0.340T0.046 8.52 BCD
Arp 220 <0.591 11.89 UL
II Zw 40 0.306±0.015 8.99 BCD
NGC 2623 0.417±0.038 11.28 UL
NGC 3310(1111) 0.505±0.038 9.93 GHII
NGC 3310(NUC) 0.565db0. I l l 9.93 SP
NGC 3310(B) 0.628T0.071 9.93 SP
NGC 4385 0.493±0.040 9.76 BCD
Arp 193 0.445±0.048 11.33 UL
NGC 5461 0.644±0.025 8.41 GHII
NGC 5471 0.369±0.053 7.64 GHII
NGC 6090 0.641±0.018 11.15 UL
HARO 3 0.529±0.025 9.09 BCD
NGC 3504 0.272±0.046 10.13 SP
HARO 9 0.509T0.069 8.91 BCD
Mrk 59 0.371T0.026 8.54 BCD
NGC 5713 0.317±0.049 10.33 SP
I Zw 123 0.511±0.088 7.74 BCD
Table 6.2: Observed IIeI2.058/xm/Br7  line ratios in Starburst Galaxies (this chapter).
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Galaxy Hel 2.058pm /B r7 ratio FIR L /L 0 Morphology
NGC 3690A 0.65±0.08 11.41 UL
NGC 3690B 0.28±0.05 11.41 UL
NGC 3690C 0.48±0.05 11.41 UL
He 2-10 0.64T0.09 9.64 BCD
NGC 1614 0.55±0.05 11.27 UL
NGC 253 0.38 ±0.08 10.11 SP
NGC 2798 0.60 ±0.08 10.26 SP
NGC 3256A 0.33 ±0.04 11.26 UL
NGC 3256B 0.71±0.15 11.26 UL
M82 0.34 ±0.02 10.07 BCD
NGC 5253 0.48±0.06 9.09 BCD
Table 6.3: Observed HeI2.058^m /Bi'7 line ratios in Starburst Galaxies.
NGC 3690 is known to be a merging galaxy (Friedmann et al. 1987). Alternatively, the 
presence o f an AGN may explain the observed LIR without massive OB star formation 
occurring.
6.3 Observations
This data set comprises one o f the largest samples o f spectroscopic near infrared obser­
vations o f starburst galaxies to date.
The observations were made using CGS4, (Mountain et al. 1990) discussed in sec­
tion 2.2. Observations o f 26 starburst galaxies were made in only 3 nights including 
calibration overheads (17-19 April 1992), of good observing conditions.
The observational configuration is the same as described in section 2.2. The 751ines/mm 
grating and the 150mm short camera results in complete coverage o f the K window with
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a resolution o f ~900 kms 1 at '2.2pm. The spectra were sampled 4 times over two pixels.
I he detected emission from these galaxies was confined spatially to one central row 
(3.1") for most sources, and in all cases was not observed over more than 3 detector 
rows. Thus, it was possible to obtain sky spectra by sliding typically 10 rows (31") along 
the slit. Argon and krypton lamps were used for wavelength calibration; the accuracy 
o f this calibration was ~0.0002/rm . Total galaxy integration times were between 20 and 
45 minutes. Standard stars were observed both before and after galaxy observations, to 
monitor any variation in flux levels between standard observations, and the average of 
the two reduced spectra used for flux calibration. The standard stars observed, their 
equatorial coordinates and their spectral types are given in table 6.4. Detailed CGS4 
reduction methods are described in section 2.2.1.
The Hel 2.058 pm  and Bi'7 line fluxes in the final calibrated spectra were determined 
from the best fitting triangular profile for the two lines. The instrumental FW H M  
(6 .5 x l0 - 3 /rai at 2 .2 pm ) closely matched the FW HM (6 .1 -6 .7 x l0 ~ 3/mn) o f the mea­
sured profiles for the CGS4 observations. The spectra are shown in fig 6.1a-z and the 
raw ratios given in table 6.2.
6.4 Extinction in starburst galaxies
In previous chapters extinction corrections were made by utilizing radio continuum fluxes 
via conversion to an ionizing photon rate, NLyc (section 2.4). This calculation assumes 
that the radio continuum is entirely due to free-free emission from the ionized gas in 
the star forming regions; a valid assumption for young HII regions ionized by OB stars. 
However, in starburst galaxies the emission arises from an ensemble o f stars in differ- 
ent evolutionary stages, and the radio continuum emission is likely to comprise two 
com ponents- a free-free thermal component and a synchrotron non-thermal component. 
The latter, which results from relativistic particles gyrating in a magnetic field e.g. as 
occurs in supernova remnants, may well dominate the total radio flux (G ioia, Gregorini 
and Klein 1982). Therefore extinction estimates cannot reliably be derived from radio 
continuum fluxes. It is also possible to use radio or millimetre recombination lines from
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Standard Equatorial coordinates 
a(2000) /?(2000)
K mag Spectral type
BS 2124 06 02 23.0 09 38 51 A2V
BS 2931 07 39 11.9 24 13 21 A2V
BS 3420 08 37 52.1 -2 6  15 18 AOV
BS 3474 08 46 40.0 28 45 55 A3V
BS 3711 09 21 15.3 15 22 16 A1V
BS 4131 10 33 43.5 53 29 50 A1V
BS 4295 11 01 50.4 56 22 56 A1V
BS 4332 11 08 49.0 24 39 30 A3IV
BS 4550 11 52 58.7 37 43 08 4.40 G8V
BS 4660 12 15 25.5 57 01 57 A3V
BS 4799 12 36 47.3 -0 5  49 55 A3V
BS 4869 12 49 17.4 27 33 08 A2V
BS 4875 12 50 10.6 37 31 01 A3V
BS 4948 13 06 10.1 29 01 46 A3IV
BS 5090 13 31 33.2 -2 8  06 46 A1V
BS 5191 13 47 32.3 49 18 48 2.37 B3V
BS 5280 14 02 59.6 50 58 18 A2V
BS 5501 14 45 30.1 00 43 02 B9.5V
BS 5569 14 55 58.6 32 18 01 A2V
BS 5793 15 34 41.2 26 42 53 AOV
BS 5818 15 35 57.0 54 37 50 A2V
BS 6092 16 19 44.3 46 18 48 4.30 B5IV
BS 6156 16 30 05.9 48 57 39 A1V
BS 6806 18 09 37.4 38 27 27 4.24 K2V
Table 6.4: Standard star list.
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high n-levels in a similar manner (conversion to NLyc) to estimate the extinction in a 
star forming region. However, radio and mm recombination lines are very weak and have 
only been detected in a few bright nearby starbursts, e.g. M82 (Puxley et al. 1989).
Therefore in starburst galaxies the extinction must be calculated by a different tech­
nique. The most common method for extinction correction utilizes observed values o f
the two brightest hydrogen emission lines Ha and E/3.
The fundamental assumption used here is that the emission arises from a point source 
or a nucleus and the extinction is purely foreground. This method is outlined below:
^Ha  _  ¿HaTH_e - ( T Ha- T HI3) ^
I hp I h pth
where lHa and lHj3 are the observed Ha and H(3 line intensities, IHaTH and Ih p th  the 
theoretical Ha and H¡3 line intensities and tH q and tH/3 the Ha and H(3 line optical 
depths. A  convenient form of this equation used in optical astronomy is:
JHa  _  I  H a T H  1Q- c ( f ( H a ) - f ( H P ) )  ^  ̂
¡ HP IHPTH
Therefore the optical depth dependence has been split into two components, c, which 
is an extinction measure particular to the physical conditions in the observed region, 
and f(A ), which is given by the interstellar extinction curve. The standard or W hitford 
(1958) extinction curve is normalized to f(H/?). This extinction curve maps well onto 
the infrared extinction curve by Draine (1989), discussed in section 2.4. Assuming case 
B, the theoretical value for the ratio o f E a /E /3  is 2.85 for ne =  102cm -3  and T e=10,000K 
(Hummer and Storey 1987). Hence, from line observations o f Ha and E/3, c can be solved 
for, from eqn 6.3, and is independent o f wavelength. Thus, the differential extinction 
between any two pairs o f lines in the same nebula can then be determined by further 
application o f the interstellar extinction curve. Equivalently c can be quoted in terms o f 
A v or EB_ V where c=0 .97A v or 3.2EB_ V.
The underlying assumption o f purely foreground extinction is obviously an approx­
imation, valid if the observed emission stems from the galactic nucleus. However, it 
is equally or more plausible in some galaxies that the stars and dust are distributed
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homogeneously throughout the observed region. In this case, the extinction inferred 
from the foreground assumption is incorrect and likely to be an underestimate (Puxley 
1988). Conversely, if extinction estimates from infrared measurements, e.g. the ratio 
o f B rq /B ra , are significantly higher than those inferred from optical data then it is 
expected that the stars and gas are distributed in a more homogeneous fashion.
The given A v values in the literature are not greater than ~10 (NGC 253, Davidge 
and Maillard 1990) and predominantly 1-2 (Leech et al. 1989, Vacca and Conti 1992, 
Torres-Peimbert et al. 1989, Pastoriza et al. 1993). A visual extinction o f A v=10 yields 
a correction o f no more than 10% on the Hel 2.058 pm /B r j  ratio. However, as noted 
above these A v values are derived as in eqn 6.3, thus may be an underestimate. In 
reality, one might expect nuclear emission as well as that from stars and dust distributed 
throughout the galaxy, thus an accurate extinction measurement is difficult to determine. 
Nevertheless, uncertainties in the Hel 2.058/rm /Brq ratio due to differential extinction 
are unlikely to be large in starburst galaxies (unlike deeply embedded UCHII regions).
The Hel 2.058/rm /B rq ratios were not extinction corrected because a) c values were 
not available for all the objects and b), to reiterate, the foreground assumptions from 
which these c values were derived are liable to be an underestimate.
6.5 The Hel 2.058 f i m / B r j  ratio in Starburst Galaxies
The raw observed Hel 2.058/¿m /Br7 ratios are given in table 6.2. Atmospheric absorp­
tion effects (section 2.3) were not problematic because galaxy emission fines are much 
broader, o f the order o f  a few hundred kms-1 due to the galaxy rotation velocity, than 
equivalent emission fines from HII regions (<50 kms *). Also, for a large number of 
starburst galaxies the Hel 2.058pm  fine was redshifted away from the 2.06pm  telluric 
absorption feature. Table 6.3 gives uncorrected Hel 2.058/xm /Br7 ratios for starburst 
galaxies observed by DPJ and Lumsden et al. (1994). Firstly, a correlation between Hel 
2.058^ m /B r7  ratios and galaxy classifications was tested for. Histograms are shown in 
fig 6.2. Bins o f Hel 2.058/im /B rq  ratios o f interval 0.1 from 0 to 0.8 were constructed 
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(A ) g ia n t Hll re g io n s (B ) d w a r f  g a la x ie s
-i -------   h-
0.2 0.3 0 .4  0 .5  0 .6  0.7
Hel 2 .0 5 8 p m /B r7 ra tio
0.2 0.3  0 .4  0 .5  0 .6  0.7
Hel 2 .0 5 8 p m /B r7 ra tio
(C ) sp ira l g a la x ie s (D ) u ltra lu m in o u s  g a la x ie s
0.2 0.3  0 .4  0.5  0.6  0.7
Hel 2 .0 5 8 p m /B r7 ra tio
0.2 0.3  0.4  0.5 0 .6  0.7
Hel 2 .0 5 8 jjm /B r 7 ra tio
Figure 6.2: Histograms of Hel 2 .058 /rm /Br7  ratios for (A ) giant Hll regions, (B ) dwarf 
galaxies, (C ) spiral galaxies and (D ) ultraluminous galaxies.
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categories and each galaxy was binned accordingly. Ivolmogorov-Smirnov (K-S) tests 
were performed between all pairs o f these distributions. There was no evidence to sug­
gest that any data set arose from a different parent distribution even at the 1<j level. 
Thus, since the Hel 2.058pm/B rj  ratio is a strong function o f effective temperature and 
electron density it does not appear that either o f these parameters are heavily influenced 
by their star forming environment. This lack o f correlation suggests that the effective 
temperatures or electron densities for the classes o f galaxies observed, as a whole, are 
all similar. Further, the lack o f a clear indication o f lower Hel 2.058pm/Bry  ratios in 
metal poor i.e. dwarf galaxies with primordial abundances, may stem from the fact that 
for the same stellar population a lower helium abundance implies a higher electron tem­
perature (section 4.5.1). Thus, if similar stellar populations are found amongst galaxy 
categories, although a lower helium abundance decreases the ratio, the higher electron 
temperature increases the ratio. The combination o f these two factors may mask the 
expected correlation between Hel 2.058 /xm /Br7  ratios and helium abundance.
The observed ratios and their la  errors given in table 6.2 and 6.3 lie in the range 0.22-
0.64, excluding Haro 1. Haro 1 has an unusually steep sloping continuum, suggesting a 
large population o f hot stars with not many older stars (fig 6.1a). The combination o f 
this sloping continuum and the Hel 2.058p.m/Bv-y ratio o f 0.99T0.32 possibly suggests 
that this galaxy is undergoing its first burst o f star formation and contains only high 
density UC and compact HII regions. This is a purely speculative conjecture since the 
continuum shape makes accurate line flux estimation difficult in this object (fig 6.1a).
Upper limit values are only available for NGC 4102, NGC 5135 and Arp 220, either 
integration times were not long enough or star formation is not occurring since there is 
no UV emission from hot OB stars to ionize helium atoms in the surrounding gas. 2a 
upper limits are given for these galaxies in table 6.2. The upper limits for NGC 5135 and 
Arp 220 fall within the range o f observed values o f the Hel 2.058/zm /Br7 ratio detected 
in other galaxies, whereas the upper limit for Hel 2.058^m in NGC 4102 is considerably 
smaller suggesting very little Hel ionization.
For the rest o f the sample, the most striking fact is that the observed Hel 2.058 //m /B r 7  
ratios are considerably lower than those o f the compact and UCHII regions studied pre­
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viously.
Fig 6.3 depicts the models o f chapter 2 (solid lines) and those by Shields (dashed lines) 
both for ne =  102cm 3 assumed throughout further calculations, for Galactic (N We/N w-=0.1) 
and primordial (N We/N w=0.08) abundances. An electron temperature o f T e=10,000K 
is used in the chapter 2 models and for subsequent theoretical calculations, as used, by 
other authors for the galaxies discussed below. Electron temperature is a function of 
radius in Shields’ models, mean T e values increase from 7,500-10,000K as T e / /  increases 
from 35-48,000K. Both sets o f models are considered accurate up to T eyy=38-40,000K , 
but at higher effective temperatures the two sets o f models disagree. There is a slight 
disagreement as to the effective temperature at which the Hel 2.058/rm /B rq ratio at­
tains its maximum, T eyy=38,000K for chapter 2 models, and T ey,=40,000K  for Shields’ 
models. There is however, a large discrepancy between the maximum Hel 2.058/rm /Brq 
ratio values predicted by the two m odels- 0.8 (chapter 2 models and Smits’ 1991a values) 
and 0.5 (Shields’ models). Reasons for this discrepancy are not completely understood, 
although different atomic data and line transfer assumptions are supposed (section 4.4). 
Shields reveals a flaw in the models o f chapter 2, in that the neutral helium to hydrogen 
fraction y° is not constant with T ej j  but decreases with harder ionizing radiation i.e. 
higher T ej j .  Shields’ models show this decrease to be significant above ~  40,000K (fig 
4.6).
All the observed ratios are lower than the maximum value (0.8) for the Galactic 
abundance model o f chapter 2 (solid lines, fig 6.3) and lower than or equal to the pri­
mordial adundance model (0.61) for ne =  102cm - 3 . Furthermore, half o f these ratios in 
tables 6.2 and 6.3 are lower than 0.5, the maximum value in the ne= 102cm ~3 model from 
Shields (dashed lines, fig 6.3), for a Galactic helium abundance, and seven galaxies have 
ratios lower than 0.38, the maximum value o f Shields’ models for a primordial helium 
abundance.
These low values do seem to agree with the assumption that these measurements 
reflect lower electron density plasmas. However these ratios may also be attributed to 
lower or higher effective temperatures (see fig 6.3). A combination o f the two effects is 
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l= H a ro  2 
2=NGC 3690 
3=H  Zw 70 
4=11 Zw 40 
5=NGC 3310 
6=NGC 4385  
7=NGC 5461 
8=NGC 5671 
9=1 Zw 123 
10=H e 2 - 1 0  
11=NGC 5253
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Figure 6.3: The Hel 2.058p.m/Bv'f ratio vs. T ej j  for ne =  102c.m~3. The models o f chap­
ter two are plotted as solid lines and Shields’ model a.s dashed lines for Galactic, and 
primordial helium abundances. Starburst galaxies or giant HII regions with optical Hel 
data are plotted with la  error bars.
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However, consideration o f observed Hel 2.058pm /B rj  ratios alone can only conclu­
sively say that galaxies with observed Hel 2.058/rm /B ry ratios less than 0.33 (see below) 
are likely to have effective temperatures to either side o f the maximum at T ej  j  ~40,000K, 
implying either low effective temperatures T ejy=35-37 ,000K  or high effective tempera­
tures T e^j=40-50,000K  (see fig 6.3). This also means that the observations are in agree­
ment with the rising part o f a model curve for any given electron density. Therefore, 
the conclusions obtained from the Hel 2.058 ¿¿m/Br7  ratio itself are no more constrained 
than for previous chapters.
In order to constrain these two parameters, literature pertaining to these starburst 
galaxies was searched through. From optical data electron densities and effective tem­
peratures were found for a number o f these galaxies. Far-infrared forbidden line ratios 
as electron density indicators have been discussed in section 5.2. The principle is the 
same for optical forbidden line ratios except these line ratios will be less accurate since in 
general, extinction corrections must be incorporated. Electron densities derived from the 
optical forbidden line ratio [SII] A6716A/[SII] A6731A have been found for half the sample 
o f galaxies. The proximity o f the two [SII] lines means that this ratio is independent o f 
extinction. It should be noted that these two lines may not probe the same region as 
the Hel (2.058/im ) and HI (Br7 ) lines. However, from fig 5.3 o f Osterbrock (1989), it 
can be seen that the [SII] flux ratio is sensitive to electron densities between the ranges 
ne=:102-1 0 4cm~3. The electron density values for starburst galaxies given in the liter­
ature range from ne=50cm ~3 to ne =  1 .2 x l0 3cm~3 (Armus, Heckman and Miley 1989, 
Kunth and Sargent 1983, Pastoriza et al. 1993, Vacca and Conti 1992, Torres-Peimbert et 
al. 1989 and Walsh and Roy 1989,1993). The one exception is the nucleus o f NGC 3310 
for which ne= 8 x l 0 3cm -3  is given by Pastoriza et al. (1993), a value much higher than 
for the HII regions observed in NGC 3310 (ne= 2 x l 0 2cm 3). Curiously, the observed 
Hel 2.058yum/Br7  ratios for the nucleus and two other observed regions in NGC 3310 
do not reflect such a difference in electron density.
Thus, the electron densities measured from optical lines and the observed Hel 2.058 pm 
/B r 7  ratios (c ./. tables 6.2 and 6.3 and fig 5.3) are consistent with the inference that 
the Hel 2.058pm/Br-y emission from starburst galaxies is dominated by low density 
evolved giant HII regions. Furthermore, in such HII regions microturbulent motions
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are expected to be less than in compact or UCHII regions o f the order F W H M ~ 10- 
15kms- 1 , corresponding to a decrease in the Hel 2.058/xm /Brq ratio o f ~10% . W ith 
the inclusion o f microturbulence in Shield’s low density model (dashed lines, fig 6.3), 
the maximum value o f the Hel 2.058/xm/Brq ratio is 0.45 for a Galactic helium abun­
dance and 0.33 for a primordial helium abundance. Equivalent maxima o f the chapter 
2 models (solid lines, fig 6.3) for this density and 10 kms-1 microturbulence are 0.64 
(Galactic abundance) and 0.53 (primordial abundance). If the actual maximum value of 
the Hel 2.058yum/Brq ratio for ne =  102cm -3 and microturbulent motions is considered 
to lie somewhere between 0.45 and 0.64 for a Galactic abundance and between 0.33 and
0.53 for a primordial abundance, then the lowest Hel 2.058/xm /Brq ratios (see fig 6.3) 
can only be explained by lower effective temperatures than T ej j  ~38,000K (chapter 2 
models, solid lines) or effective temperatures lower or higher than T ej j  ~40,000K which 
corresponds to the maximum value o f the ratio (Shields’ models, dotted lines). (Here­
after, it will be assumed that the maximum value o f the Hel 2.058¿¿m/Brq occurs at 
T ej j  ~40,000K when discussing both models).
For all these galaxy categories, comparison o f observed Hel 2.058/xm /Br7 ratios with 
Shields’ models show that effective temperatures can range from between T ejj= 3 0 ,0 0 0 -  
50,000K. T ej j  could be calculated from infrared luminosities which are described in sec­
tion 2.6, however assumptions about the initial mass function (IM F) would be needed; 
different assumptions lead to different T ej j  values. A much neater method would be to 
look for [SIV] emission which characterizes T ej j  greater than ~  40,000K as discussed in 
section 4.5.1. Aitken et al. (1982) use a further sophisticated technique o f measuring 
the high excitation fine structure [SIV] 10.5 pm  line in conjunction with the lower ex­
citation [Arlll] 9 .0 /jm and [Nell] 12.8pm  lines to infer T ej  j  must be at least 40,000I< 
in NGC 5253. Indeed such observed S+++ emission coupled with the observed Hel
2.058 ¿im /Brq ratios would verify Shields’ models for effective temperatures greater than 
T e / /  ~40,000K.
From the literature, T ej j  predictions from various authors are given below. Kunth
(1986) claims blue compact dwarf galaxies are very low density, ne <  100cm- 3 , and 
extremely hot, T eff  >37,000K. T ej f  values quoted are generally obtained from pho­
toionization and radiative transfer models e.g. CLOUDY, (Ferland 1993, see section
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4.4), and models by Evans and Dopita (1985) and Mathis (1982). A best fit T ej j  model 
is derived from the observed lines of a number o f ionized species. Pastoriza et al. (1993) 
find T ej j  o f ~  40,000K most appropriate for the nucleus and HII regions they observe in 
NGC 3310. Campbell (1988) derives T e //  ~  45,000K for NGC 5253 and 50,000K for II 
Zw 40. Both Mathis (1982) and Evans (1986) calculate very high for the giant HII 
regions NGC 5461 and NGC 5471. Mathis’ (1982) models gives 40 ,000K <T e //  <50,000K 
and T eyy=50,000K for NGC 5461 and NGC 5471 respectively. Similarly Evan’s results 
mimic those for NGC 5471 and quote T ey^=43,000K for NGC 5461. Finally, Sugai and 
Taniguchi (1992) claim T e / /  ~41,000K for He 2-10 and T eff  ~39,000K for NGC 4385.
Naturally, there are many uncertainties in all the effective temperatures quoted above 
e.g. concerning the atomic data. Nevertheless, these values seem to imply that the ma­
jority o f starburst galaxies for which optical data is available have T ej j  greater than 
~40,000K, and thus the low observed Hel 2.058/rm /B r7  ratios, in this subset, are evi­
dence to support the behaviour o f Shields’ models at high T ej j  (dashed lines, fig 6.3, see 
below). Furthermore, if the presence o f W olf Rayet stars are indicative o f high T t h e n  
Haro 2, NGC 5253, He 2-10, II Zw 40 and NGC 1614 all fall into this category (Conti 
1991, Vacca and Conti 1992).
To summarize from the optical data, evidence exists that:
a) the overall electron density measured from emission line ratios is o f the order ne =  102cm - 3 . 
For this case microturbulence effects do not decrease the observed Hel 2.058/rm /B r7  ra­
tios by more than 10%.
b) effective stellar temperatures for the majority o f the starburst galaxy subset for which 
optical data is available, are >40,000K. Observed Hel 2.058/xm /Br7  ratios for these 
galaxies are in general agreement with predictions from Shields’ models.
In previous chapters the Hel 2.113^m blend has been observed in all o f the UCHII 
regions and some o f the compact HII regions and further conclusions drawn. The rele­
vance o f further Hel line observations are twofold. First, as discussed in section 4.5.4, any 
IIe+ /H + recombination line ratio unaffected by resonance effects from the ground state 
will not have such a strong dependence on the neutral helium to hydrogen fraction y°
i.e the ratio will reach a saturation value and not drop off rapidly above T e^y=40,000K.
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Secondly, the ratio o f the two helium Lines will be abundance independent. This ratio 
will be constant up to T e^ = 40 ,0 0 0 K , and then decrease. Thus, the Hel 2.058/rm /Br7 
ratio (sensitive to all T ej j  in the range 25-50,000K) in conjunction with another non- 
fluorescent H el/H I line ratio (sensitive up to T efj  ~40,000K ) or a Hel 2.058/xm/HeI line 
ratio (sensitive above T ej j  ~40,000K) should enable determination o f effective temper­
atures in HII regions and Galaxies.
The uncertainties due to optical depth effects in the Hel 2.113/rm line hindered more 
definite conclusions from the three sets o f line ratios. Ideally, an additional Hel line free 
o f optical depth or collisional effects would serve this purpose. Other than the complex 
1.083/rm line, the brightest most readily observable Hel line are optical transitions (see 
fig 6.4). There are several other weak Hel lines possibly observable with high resolution 
spectroscopic measurements e.g. the Hel 2.1615 and 2.1624/rm 7F-4D  blend, seen in 
NGC 5253 (Lumsden et al. 1994). Whether these lines would be detected in most o f 
these more distant galaxies in the sample is speculative. It is for these galaxies where 
optical Hel and HI observations exist that further progress can be made. Optical Hel 
lines and their advantages and disadvantages are discussed below.
6.6 Starburst galaxy subset with optical data
An extensive literature search was performed to extract all optical Hel line measurements 
for the starburst galaxy sample given in tables 6.2 and 6.3. Optical Hel measurements 
were found for almost half o f the galaxy sample. Predominantly, optical Hel lines have 
been studied in metal poor i.e. blue dwarf galaxies and giant HII regions in the context 
o f helium abundance determination. In addition, detailed spectroscopic studies o f NGC 
3310 (Pastoriza et al. 1993) and NGC 3690 (Friedmann et al. 1987) have been carried 
out. Table 6.5 lists the galaxies for which optical H el/H I measurements have been found.
6 .6 .1  Infrared H e l / H I  line ratios
Before the optical H el/H I data is discussed the observed Hel 2.058//m /B r7  ratios in this 
subset o f galaxies are analysed. Returning to fig 6.3, in this current study the maximum
Figure 6.4: Partial energy-level diagram of Hel showing prominent optical transitions
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value for the Hel '2.058¿m i/Brq ratio at ne= 102cm~3, T e ~10,000K is considered to lie 
between 0.38 (dashed lines, Shields’ models for a primordial abundance) and 0.8 (solid 
lines, chapter 2 models for a Galactic abundance) and the ratio is assumed to turn over 
above T e^j=40,000K . Therefore for a given ratio two T ej j  solutions are possible unless 
the ratio corresponds to the maximum value i.e. a value > 0.38 implying T ej j  ~40,000I< 
for the object.
It should be noted that in previous chapters there was no observational evidence to 
confirm this turn over, but as discussed in section 4.5.4 this may be due to selection 
effects. If effective temperatures inferred from optical measurements are believed, then 
a number o f galaxies are known to have T ej j  >40,000K, thus this data also serves as a 
test o f Shields’ model predictions.
The objects for which optical data are available are plotted in fig 6.3. The only optical 
Hel lines tabulated for NGC 3690 were found for NGC 3690A. For NGC 3310, optical 
Hel measurements were found for the nucleus, the giant HII region and NGC 3310 (B ), 
however most measurements agreed within the errors and a mean value was taken for 
each optical Hel line. T ej j  values, discussed in section 6.5, from the literature were used 
for more than half the objects. For these and the remaining objects, theoretical diagrams 
o f Evans and Dopita (1985) or others were used to obtain estimates o f T ej j ,  from [OIII], 
[Oil] and H¡3 measurements elsewhere in the literature. If a number o f sources have 
the same effective temperature then the data in fig 6.3 are spaced equally slightly to 
either side o f this temperature for clarity. These effective temperature estimates are 
dependent on the atomic data used and a large number o f other parameters and are 
probably accurate to a few 1000K, although the reliability o f such models is difficult to 
determine.
Observed Hel 2.058 /¿m /Brq ratios for this subset o f galaxies suggest the majority 
o f these objects have effective temperatures T ef j  o f around 40,000K in agreement with 
the effective temperatures found from optical data. However, the ratio for I Zw 123 
suggests a lower effective temperature than that obtained using optical data. The ratios 
lie on or between the solid curves for a primordial abundance as expected in dwarf 
galaxies and the dashed lines for a Galactic abundance. Effective temperatures for II
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Zw 70, II Zw 40, and NGC 5471 are expected to be lower or higher from their lower 
Hel 2.058/rm /Br7 ratios (see fig 6.3). Higher values are in qualitative agreement with 
the effective temperatures predicted from the optical data, and also qualitatively affirm 
the prediction o f the behaviour o f the Hel 2.058p m /B i'7 ratio above T ej j  ~40,000K. 
Examination o f optical Hel/HI data should provide further evidence for this conclusion.
6 .6 .2  O ptical H e l / H I  line ratios
Table 6.5 gives a summary o f the prominent Hel optical lines (see fig 6.4), and their 
strengths relative to H/3, measured in these galaxies; the reference is given in the final 
column.
Assuming the physical conditions ne= 102cm -3 , T e=10,000K and recombination co­
efficients from Hummer and Storey (1987) and Smits (1991a) the theoretical ratio of 
Hel 4472/H/3 is 0.049 for a Galactic abundance. Further theoretical Hel line strengths 
relative to H/? are derived from Smits (1991a) who calculates Hel line strengths relative 
to Hel 4472Â (section 2.5.1). The first two rows o f table 6.5 give maximum theoretical 
line strengths for Galactic and primordial helium abundances respectively. As discussed 
in section 6.6, primordial abundances are expected for most o f this galaxy subset. As 
for any H el/H I ratio, the HeI(opt)/H /3 ratio is a function o f effective temperature, T ej j .  
Three processes which result from a large population in the n=2 metastable levels, as de­
tailed in section 3.3, can further affect these Hel Une strength measurements: collisional 
excitation, photoionization and optical depth effects. Studies in chapter 3 show that 
these effects are negligible in the 2*S level and that photoionization effects are marginal. 
Although collisional effects are unimportant for the Hel 2.058yum and 2.113/rm lines 
they may be o f consequence for these Hel optical lines given in table 6.5. Each o f the 
optical Hel lines and any potential physical processes which could affect the line strength 
are now discussed.
It is important to note that measurements o f optical Hel line strengths by different 
authors for the same galaxy are in good agreement, with only one or two exceptions. 
Any anomalously high or low values have been neglected from the discussion below. The 
observed values have all been dereddened (section 6.4) by the given author, except NGC
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Table 6.5: Optical H el/H /i lines ratios obtained from the literature for the starburst 
galaxy subset. Theoretical ratios for Galactic and Primordial abundances are given in 
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3690. I he dereddened Hel line strength (relative to H¡3) for this object was calculated 
from eqn 6.2, using raw flux values from Friedmann et al. (1987).
Optical depth effects on the 23S-33P A3889 line have been discussed in section 3.3.3. 
This line strength is heavily reduced by a large population in the 23S level, up to a 
factor o f 15, (table 3, Robbins 1968). Comparison o f theoretical values with observed 
values given for various galaxies reveal measured A3889 values to be higher than those 
predicted. This is the result o f contamination by the H8 line which has the same rest 
wavelength. Therefore predictions from observed values o f the A3889 line strength are 
unreliable and not considered further.
Three objects: II Zw 40, NGC 5461 and NGC 5471, all o f which have predicted 
low or primordial helium abundances, have measured A4026 line strengths. This 53D - 
2 P transition is changed negligibly by any o f the processes mentioned above. The 
observed A4026 line strengths for NGC5461 and NGC 5471 (Torres-Peimbert et al. 1989) 
are in excellent agreement with predicted maximum values for a primordial abundance, 
suggestive o f >38,000K. The values for II Zw 40 are slightly higher.
The A4472 43D -2 3P line is the standard line; strengths o f other Hel lines are often 
quoted relative to this line. This is one o f the brightest observed Hel lines which is 
unaffected by collisions and only slightly affected by optical depth effects (no more than 
a few per cent, c.f. table 3, Robbins 1968).
Fig 6.5a depicts the ratio o f Hel 4472A /H f3 as a function o f T ej j  for ne= 102cm -3  
and T e=10,000K. Figs 6.5b and 6.5c show similar models for the Hel 5876A and Hel 
6678A lines. These line ratios are discussed below; these three lines are the brightest 
uncomplicated Hel lines. These models are based on the formulated models in chapter 2 
and Smits (1991a) calculations. In contrast to the Hel 2.058¿¿m/Brq ratio (fig 6.3), the 
decrease in the relative neutral helium to hydrogen fraction with T ej j  will not produce 
an exaggerated decrease in the Hel 4472A/H/3 ratio, or the other two line ratios, above 
T ej j  ~40,000K, since no resonant processes to the ground state are involved (see section
4.5.4). As in table 6.4, Smits’ (1991a) calculations and those o f Hummer and Storey
(1987) are used to calculate recombination coefficients for Hel 4472A (also Hel 5876A 
and Hel 6678A), and H¡3 respectively. These coefficients, unlike those o f the Hel 2.058 pm
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Figure 6.5: Optical Hel/lift line ratios vs. T ej j  for the bright He! 4472A, 5876A and 
6678A lines. Models are based on those formulated in chapter 2 and are calculated for 
Galactic, and primordial helium abundances. Data for the same, galaxies <as in fig 6.3 are 
plotted with 1<7 error bars.
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line, appear untainted by optical depth and collisional effects, and thus there is no reason 
to expect any large error on the maximum value o f these ratios, for the physical conditions 
known in these galaxies. Solid lines depict Galactic helium abundance predictions and 
dotted lines primordial abundance predictions. The optical data are plotted against this 
model (fig 6.5a) for the same T ej j  values described in section 6.5. Most values are in 
agreement, within l a  errors, with the primordial maximum value for this ratio. The 
ratios are consistent with the T ej j  values inferred from photionization models discussed 
in section 6.5, except the ratio for II Zw 70. The value for II Zw 70 is considerably less 
than other values and inconsistent with predictions from other optical Hel lines.
Line strengths for A4921 41D -2 1P are given in col 5, table 6.5 for II Zw 40, NGC 5461 
and NGC 5471. All these values are in good agreement with the predicted primordial 
value and T ej j  >  38,000K. No corrections for collisional or optical depth effects are 
necessary.
The 5876, 33D -2 3P transition, is the brightest observed optical Hel line. Collisional 
effects are unimportant for this line at low densities ne= 1 0 2cm~3 as long as T e is not 
greater than 10,000K, but they modify the line strength dramatically at higher electron 
densities. Optical depth or fluorescent effects enhance the line strength by no more than 
10% (table 3, Robbins 1968). From table 6.5 and fig 6.5b, a plot analogous to fig 6.5a 
for the A5876 line, the observed values are fairly consistent with primordial abundances 
for T ej j  >  38,000K, and the T ej j  values assigned to the data, except the value for II 
Zw 40 which is somewhat lower. The yellow Na D interstellar sodium absorption line 
has a rest wavelength o f 5893A. The redshifted II Zw 40 5876A falls at 589lA  (redshift 
from NED database), thus it appears that a considerable amount o f the intrinsic line 
has been absorbed.
Optical depth effects are entirely negligible for the singlet series (section 3.3), and 
collisions are insignificant for the A6678 31D -2 1P transition. From fig 6.5c, observed 
ratios imply T ej j  >36,000K; the values for II Zw 40 and NGC 5253 are the lowest.
Collisional effects are not more than 5% for the A7065A, 33S -23P, transition at this 
low density. W ith increasing electron density collisional effects become rapidly signifi­
cant, e.g. at ne =  104cm~3 collisions produce the same line strength as recombinations
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(C /R = 1 .0 2  section 3.3.1). Robbins’ (1968) table 3, shows that fluorescent enhancement 
o f the A7065 23P -3 3S line by up to a factor o f 4 is possible. Most o f the observed Hel 
7065A/H/1 ratios in table 6.3 are considerably higher than the maximum predicted value 
o f this ratio. Therefore it appears that the 7065A line, like the 3889A line, is difficult to 
model accurately and the results in col 8, table 6.5 are not analysed further.
To summarize, optical HeI/H/3 ratio models are sensitive to effective T ej j  up to 
38,000K and then saturate. Thus, this ratio in conjunction with the Hel 2.058/um/Br7  
ratio provides a constraint on T ej f .  Firstly, these results are in agreement with the 
lower electron densities ne= 102cm -3 predicted for ionized gas in these galaxies. For 
the ten galaxies, mainly dwarf galaxies and giant Iill regions, in table 6.5, the optical 
HeI/H/3 data (with appropriate errors) from the literature agree with the assumption 
that for most o f these galaxies T ej j  >38,000K and agree with the T ej j  values obtained 
from the literature, with a few exceptions. In II Zw 40, the Hel 5876A line strength 
is less than for the other objects and considerably less the saturation value; however 
the redshifted wavelength o f this line is coincident with the Na D interstellar absorption 
feature. The Hel 4472A line strength for NGC3310 (B ), NGC 5471 and He 2-10 implies 
a lower T ej j  than the saturation value in contrast to the predictions from the other 
Hel line measurements for these objects. The Hel 4472A line strength for I Zw 123 is 
somewhat higher than would be expected for a dwarf galaxy.
Thus the lower T ej j  values found from the Hel 2.058pm/'Brj ratio for II Zw 70, II Zw 
40 and NGC 5471, not seen in the optical data, confirms that these low Hel 2.058 pm./Br~/ 
ratios must be a result o f higher effective temperatures than T ej j  ~40,000K in these 
objects. This result strengthens the predictions o f Shields’ models above T ef f  ~40,000K
i.e. the Hel 2.058 yum/Br7  ratio decreases above this temperature as a direct result o f  the 
decrease in the neutral helium to hydrogen fraction, y°, with T ej j .  By further comparison 
o f the Hel 2.058 /zm /H el (opt) observations it should be possible to examine the high 
effective temperature range T eyy= 40 -50 ,000K in more detail, since this ratio is expected 
to remain constant at all T ej j  (chapter 2 models), or decrease above T ej j  ~40,000K. 
Thus, the high T ej j  predictions o f Shields’ models can be thoroughly tested, and this is 
the subject o f the next section.
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6.7 Hel 2.058 /zm/Hel optical line ratio
As mentioned in section 6.5, the Hel 2.058/xm /Hel (opt) ratio is abundance independent. 
Table 6.6 combines the optical data in table 6.5 with the infrared observations in tables
6.2 and 6.3 as follows:
mer and Storey (1987), IBri/lHf3 =0.0275 for ne= 102cm ~3 and T e =  10,000K. For this 
calculation, the c values (section 6.4) were employed to estimate the differential extinc­
tion between Hel 2.058pm  and Br7  2.165/rm. This method is not detailed since the 
differential correction factor was no more than a few per cent.
The Hel 2.058/rm /H el (opt) ratio should be independent o f beam size, since each 
observed ratio on the RHS o f eqn 6.4 represents an average ratio in the same beam. The 
only consideration to be noted is that the infrared measurements probe deeper into the 
ionized gas than the optical measurements, and the extinction correction assumes the 
two measurements sample the emission from the same source. W ith the dust and stars 
mixed in a homogeneous fashion however, the optical measurements sample the stars 
in the surface o f the gas, whereas the infrared emission will also pick up emission from 
other stars more deeply embedded.
The Hel 2.058¿im /H el (opt) values are plotted in figs 6 .6a-c, for the same Hel 4472A, 
Hel 5876A and Hel 6678A lines as displayed in figs 6.5a-c. The solid straight line 
represents the model ratio where the chapter 2 models are assumed and Smits’ (1991a) 
line strengths used. The dotted line shows the ratio where Shields’ models are used for 
Hel 2.058/rm line, and chapter 2 models and Shields’ calculations used for the optical 
Hel line. An artificial dip at T e^ = 32 ,50 0K  would have been created in calculating ratios 
in the latter model. This dip was interpolated over.
The theoretical maxima (the ratio is assumed approximately constant up to T eyj  ~  
40,000K in the dotted model) for all the Hel 2.058¿/m /H el (opt) ratios in table 6.6 are 
given in the first two rows o f table 6.6 for the models described above. An object is
(6.4)
To avoid beam size discrepancies, theoretical values were used for Ibt-//̂ h p - From Hum
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Galaxy Hel/A4026 IIeI/A4472 Hel/A4921 Hel/A5876 Hel/A6678 Ref.
TH(NHe/NH=0.1)1 0.581 0.283 1.050 0.105 0.368
TH(NHe/NH=0.1)2 0.930 0.453 1.680 0.171 0.588
HARO 2 0.482 Davidge
NGC 3690A 0.156 Friedmann
NGC 3690A 1.00 0.169 0.417 French
11 Zw 70 0.089 Osterbrock
II Zw 70 0.855 0.090 0.261 French
II Zw 40 0.196 0.102 Campbell
II Zw 40 0.212 0.122 0.433 Pagel
II Zw 40 0.309 0.247 0.787 0.123 0.393 Walsh
II Zw 40 0.184 0.113 0.333 French
II Zw 40 0.262 0.114 0.262 Stephenson
II Zw 40 0.374 0.210 0.781 0.104 0.303 Kunth
II Zw 40 0.240 0.132 Vacca
NGC 3310(HII) 0.388 0.141 0.437 Pastoriza
NGC 3310(NUC) 0.152 0.508 Pastoriza
NGC 3310(B) 0.578 0.133 0.578 Pastoriza
NGC 4385 0.223 Terlevich
NGC 5461 1.055 0.438 1.380 0.139 0.513 Torres
NGC 5461 0.460 0.163 0.598 Evans
NGC 5461 0.050 0.192 D’Odorico
NGC 5471 0.638 0.292 0.928 0.092 0.340 Torres
NGC 5471 0.300 0.108 0.393 Evans
NGC 5471 0.293 0.133 D’Odorico
I Zw 123 0.244 0.108 0.506 French
He 2-10 0.632 0.192 Vacca
NGC 5253 1.015 0.347 0.133 0.528 Walsh
'Using Shields’ models for Hel 2.058 fim.
2Using Smits’ 1991a Hel line strengths and chapter 2 models.
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Figure 6.6: The Hel 2.058 /xm/Hel (opt) line ratios vs. T e// for the bright optical Hel 
4472A, 5876A and 6678A lines. Solid lines combine the chapter 2 models shown in fig
6.3 (solid lines) and the models shown in fig 6.5. Dashed lines combine Shields’ models 
(fig 6.3, dashed lines) and the models in fig 6.5. Data points are for the same galaxies 
as in fig 6.3, and plotted with 1 a error bars.
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assumed to have an effective temperature of T ej j =40,000K if its given line pair ratio 
falls between or is higher than these values. This may underestimate T ej j  in an object if 
Smits’ (1991a) values are more accurate since the lower maximum value predicted using 
Shields’ models also represents a hotter T ej j  using Smits’ (1991a) values and assuming 
a more realistic turnover in the solid line models o f fig 6.6. Comparison o f the entries 
in table 6.6 and figs 6 .6a-c, imply an effective temperature T ej j  ~40,000K for Haro 
2, NGC 3690, NGC 3310, NGC 4385, NGC 5461, and He 2-10. For I Zw 123, the Hel 
2.058/rm /Ifel 4472A and Iiel 2.058 ¿rm/Hel 5876A ratios suggest T ej j  >40,000K, consis­
tent with the literature whilst the weaker Hel 2.058/rm /H el 6678A and Hel 2.058/rm /B rq 
ratios predict a lower T ej j  ~40,000K. In He 2-10 the Hel 2.058/xm/Hel 4472A and Hel 
2.058/rm /H eI 5876A ratios are higher than the maximum theoretical values for these 
ratios given in table 6.6 and fig 6.6.
However, the effective temperatures from the literature (section 6.5) place all these 
galaxies to the right o f where they are expected from the models in fig 6 .6a-c. The 
effective temperatures assigned to the data points are derived from the [OIII], [Oil] and 
H/3 lines using the diagnostic diagrams o f Evans and Dopita (1985) (section 6.5) and or 
CLOU DY (Ferland 1993) models for the same ionized species. The effective temperature 
o f NGC 5253 was found from [SIV] line measurements. This line has a similar ionization 
potential to [OIII], thus it would be expected to trace the same properties. The ionization 
potential o f [OIII] is 35.1eV, much higher than that o f Ilel (24.6eV). The higher T ej j  
values from [OIII] measurements may be a reflection o f the higher excitation in this 
smaller [OIII] zone compared to the Hel zone.
T ej j  values >40,000K are inferred for II Zw 70, II Zw 40 and NGC 5471 from observed 
ratios in figs 6.6a-c. This is in qualitative agreement with the effective temperatures 
predicted from high excitation oxygen lines. However, the Hel 2.058¿im /IIel (opt) ratios 
again reflect lower temperatures than those inferred from the [OIII], [Oil] and H¡3 line 
ratios.
Nevertheless, in general the three sets o f line ratios: Hel 2.058 /rm /B rq, H eI(opt)/H /3 
and Hel 2.058^m /IIeI (opt) give consistent values and enable T ej j  to be much better 
constrained than was possible from Hel 2.058 /rm /Brq observations alone. The behaviour
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o f the Hel 2 .058^ m /B r7 above T ef j  ~40,000K as predicted from Shields’ models has 
been validated, although the disagreement in maxima between the two sets o f models 
in fig 6.3 suggests that the values in Shields’ models may need to be re-examined. If 
the maximum value o f the Hel 2.058/rm /B r7 ratio were consistent for the two models, 
more accurate predictions o f T ej j  could be made. The one further test o f these Hel 
2.058/rm /H eI (opt) models would be to examine the Ifel 2 .058/im /B r7 ratio in con­
junction with optical Hel measurements for an object with T ej j  known to be less than 
T e / / =38,000K.
6.8 Conclusions
Near-infrared spectroscopic measurements o f the Hel 2.058/rm /B r7  ratio are presented 
for a wide ranging sample o f star forming galaxies: giant HII regions, normal spirals, 
dwarf galaxies and ultraluminous IRAS galaxies. From these near-infrared observations 
several inferences have been made:
a) The observed ratios showed no trend with galaxy category; possibly suggesting that 
different star forming environments do not change the nature o f the stellar population.
b) Lower ratios were observed in this starburst galaxy sample than in individual UC 
or com pact HII regions. This result is in agreement with the assertion that the Hel 
2 .0 5 8 / im /B r7  emission results from evolved lower density giant HII regions.
c) Assuming in these studies that the maximum value o f the Hel 2.058/im /B r7  ratio lies 
between the values predicted from chapter 2 and Shields’ low density models, and both 
Galactic and primordial helium abundances are considered, then several galaxies must 
have effective temperatures which are either lower or higher than T ej j  ~40,000K. This 
is due to the double-valued nature o f the behaviour o f the Hel 2.058/¿m /B r7  ratio with 
T eyy, below the maximum value o f the ratio which corresponds to T eyy ~40,000K.
A subset o f galaxies for which optical data was well documented in the literature 
was chosen. This sample was predominantly comprised o f metal poor objects and the 
literature describes these galaxies as having effective temperatures T ej j  >  40,000K and 
electron densities o f ne= 1 0 2cm - 3 . The observed Hel 2.058¿¿m/Br7  ratios suggest that 
most o f these objects have effective temperatures T eyy >40,000K. Three objects, II
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Zw 40, II Zw 70 and NGC 5471, had comparatively lower Hel 2.058/rm /B r7  ratios 
in qualitative agreement with Shields’ models and the higher T ej j  values given in the 
literature.
Optical IIeI/H/3 models have been constructed with the same formulation as the 
models o f chapter 2, adopting Smits’ (1991a) Hel line strengths. Comparison o f observed 
optical H el/H ¡3 line ratios in general reaffirmed the prediction that these galaxies had 
effective temperatures T e //  >40,000K. Lower values were not generally found for the 
three galaxies named above, ruling out lower T ej j  values for these objects. Infrared 
and optical measurements were combined and compared to models, confirming these 
results and further illustrating the behaviour o f Hel 2.058/¿m /H el (opt) ratios above 
T ef f  ~40,000K.
To summarize and generalize the results for this subset o f galaxies:
a) This new method o f combining infrared H el/H I and optical H el/H I measurements for 
the three sets o f line ratios: Hel 2.058 pm/B rj ,  HeI(opt)/H /3 or Hel 2.058 /rm /H el (opt) 
enables T ej j  to be much better constrained than was possible from Hel 2.058/rm /Br7 
observations alone.
b) These results validate the predictions o f Shields’ models for the behaviour o f  the 
Hel 2.058/rm /B r7  above T ej j  ~40,000K. Further, if the maximum value o f the Iiel
2.058 pm/Br'f  ratio were consistent for the two models, more accurate prediction o f T ej j  
could be made.
One final suggestion is that there are a number o f weak Hel lines in the K window 
which are the Hel 2.113 pm  blend (optical effects are not too important for low densities) 
and the 2.1615 and 2.1624pm  7F-4D  blend. High resolution spectroscopic measurements 
may be able to determine line fluxes for these lines. The advantages are that these lines 
would probe to the same depth in the ionized gas as the Hel 2.058pm  and Br7  lines, 
differential extinction corrections would be small, and there would be no systematic 
errors from observations made with different instruments.
Chapter 7
Conclusions
In this work, the aim has been to test theoretical models o f the Hel 2.058/m r/B r7 ratio 
as a function o f effective temperature, T ej j ,  and so calculate spectral types o f the hottest 
most massive stars present in HII regions. For this purpose, K band measurements o f the 
Hel 2.058 /mi and Bry recombination lines were carried out for samples o f ultracompact 
(U C) HII regions, compact HII regions and giant HII regions in, or the nuclei of, starburst 
galaxies.
Two detailed models o f the Hel 2.058/¿m /B r7  ratio vs. T ej j  have been published 
to date, by Doyon, Puxley and Joseph (1992) (D P J), and Shields (1993). The former 
models use the on-the-spot (O TS) approximation to solve for radiative transfer whilst 
the latter models make use to the photoionization/radiative transfer code CLOU DY 
(Ferland 1993). Both models agree up to T ej j  ~40,000K showing an increase in the Hel 
2.058//m /B ry  ratio with T ej j .  The major difference between the two models is that 
DPJ assume the neutral helium to hydrogen fraction is constant with T eyy, whereas 
Shields models show that this quantity decreases with increasing T ej j .  This results 
in a turnover in Shields’ models, whereas DPJ predicts the Hel 2.058/fm /B r7  ratio to 
saturate, above T ej f  ~40,OOOK. The models o f DPJ have been updated to make use 
o f recent atomic data from Smits (1991a), who gives Hel 2.058gm  line strengths for 
electron densities o f ne= 1 0 2, 104 and 106cm “ 3 and includes the effects o f collisional 
excitation on the Hel 2.058/tm line. Electron temperatures o f T e=5,000 and 10,000K
199
Chapter 7: Conclusions 2 0 0
were considered. Shields’ models were calculated for electron densities o f ne =  102 and 
10 cm . Electron temperatures are a function o f T ej j  and radius in the nebula, mean 
values are T e= 7 ,500-10,000K.
In chapter 3, theoretical Hel 2.113/rm /Br7 and Hel 2.113/HeI 2.058pm  ratios were 
constructed in order to further test the predictions o f the Hel 2.058/rm /B r7  ratio dis­
cussed in chapter 2. To determine theoretical values for the Hel 2.113^m  line strength 
results from Smits (1991a) were used. Additional physical processes, the result o f the 
metastability o f the Hel 2S levels, were investigated, namely, collisional excitation from 
the Hel 23S level to n>3, photoionization from 23S, and optical depth effects in the 2XS - 
n1? , and 23S -n 3P transitions for n>3. Only the latter process was found to affect the 
Hel 2.113/xm line strength. As optical depth is dependent on the source size, individual 
models were constructed for each UCHII region.
This thesis was centred around observations made to test the models in detail, and 
the results obtained. To compare results to theoretical predictions, independent measure­
ments o f effective temperatures were required. Radio continuum and IRAS luminosities 
were used to estimate effective temperatures, and spectral types, derived both for a sin­
gle star and cluster o f stars assumed as the powering sources(s) in compact and UCHII 
regions.
In chapter 2, observations o f the Hel 2.058//m /B r 7  ratio in UCHII regions were 
studied. In chapter 3, additional Hel 2.113^m data were analysed for the same UCHII 
regions. Observed Hel 2 .058^m /B r7 ratios in compact HII regions were the subject o f 
chapter 4. The latter objects were selected to fit this category by their listed source 
sizes from radio measurements. Model physical parameters were chosen which best rep­
resented the observations in these chapters, thus predictions relating to the physical 
conditions in compact and UCHII regions were made. Physical param eters- effective 
temperatures, electron densities and electron temperatures found to represent the emis­
sion from compact and UCHII regions are now discussed.
For the majority o f the UCHII regions, effective temperatures were thought to be 
greater than ~35,000K, in agreement with further observations in chapter 3. Further­
more, dusty HII region models were preferred if radio or cluster stellar temperatures were
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assumed for the UCHII regions. IRAS spectral observations, available for a number of 
these UCHII regions and compact H11 regions, failed to detect any significant S+++ emis­
sion, which would be expected in stars hotter than T ej j  ~40,000K. Thus, Shields models 
could not be tested above T ej j  ~40,000I< in chapters 2 or 4. The turnover seen in the Ilel 
2.058|im/Br7  ratio above T ej j  ~40,000K was not expected for the Hel 2.113/rm /Br7 
ratio since the Hel 2.113/rm line is unaffected by the decrease in the neutral helium to 
hydrogen fraction with T ej j .  Conversely, the Hel 2.113/rm /H eI 2.058/rm ratio would be 
expected to increase above T ej j  ~40,000K. Such a trend was not displayed amongst the 
UCHII region sample, or the few compact HII regions in which the 2.113/rm blend was 
detected, further indicating that T ej j  was not above 40,000K in any o f these objects.
Generally lower observed Hel 2.058p m /B r7  ratios were found in the compact HII 
regions. One explanation is that they have lower effective temperatures than UCHII 
regions. Shields’ models and the dusty models o f chapter 2, favour this interpretation. 
Single star temperatures derived from radio flux measurements, have shown this to be 
the case for four compact HII regions. Another possibility is that there are lower electron 
densities in compact as compared to UCHII regions. Radio continuum measurements 
were used to calculate electron densities in chapter 5. Electron densities were found to 
be in the range ne= 104-1 0 5cm~3 for UCHII regions and ne= 103-1 0 4cm -3  for compact 
HII regions. Therefore, for the remaining objects, lower electron densities are the most 
plausible explanation.
Electron temperatures o f T e=5,000K were consistent with UCHII region observations 
o f the Hel 2 .058/zm /Br7 ratio. However, such low electron temperatures imply smaller 
galactocentric radii values than are known for a number o f UCHII regions, thus higher 
electron temperatures o f T e= 10,000 K are appropriate in a number o f UCHII regions. 
This introduced disagreement, in that predicted Hel 2.058¿¿m/Br7  ratios were higher 
than observed values, and therefore some additional mechanism or other effect must be 
present to produce a decrease in the ratio.
Microturbulence in the velocity field was thought to be the additional mechanism 
which was responsible for the lower observed Hel 2.058¿im /B r7  ratios than predicted 
from models in UCHII regions with electron temperatures o f T e=10,000K. As discussed
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above, effective temperatures were not found to be greater than ~40,000K. Therefore, 
although effective temperatures greater than this turnover value in Shields’ models are 
consistent with observations, this explanation is ruled out for the compact and UCHII 
regions studied in chapters 2-4. The effect o f microturbulence is as follows. As the 
electron temperature is increased from T e=5,000K, and the Hel 2.058pm/Br^  ratio 
increases, further broadening o f the Hel 2.058 pm  line decreases the optical depth in 
this line, which produces a decrease in the Hel 2.058/rm /Br7 ratio. The required mi- 
croturbulent velocities are not greater than thermal velocities at T e=5,000K and reach 
values o f the order ~20km s_1 for T e=10,000K, in agreement with the mean observed 
Hel 2.058/xm /Brq ratio for these UCHII regions. From observations in chapter 3, it was 
shown that almost half o f the UCHII regions were in accord with only the higher tem­
perature model, as microturbulence o f order ~20km s-1 was required to explain observed 
Hel 2.113/HeI 2.058pm  line ratios. For the remaining UCHII regions any model, within 
the range o f parameters given above, would be consistent with observations.
R.R.L and high resolution Hel and HI measurements o f the observed com pact and 
UCHII regions are broadly consistent with microturbulent velocities o f order 20kms~1 
but small beam measurements o f the Hel 2.058 pm  and Brq line widths are needed, since 
large scale velocity motions would also explain the RRL measured line widths, but occur 
over scales which are too large to affect the Hel 2.058 pm  line.
In chapter 5, it was demonstrated that more accurate electron density or density 
gradients may be a substitute for microturbulence in HII region models for T e=10,000K. 
It was noted however that integrated electron densities inferred from radio continuum 
measurements and the Hel 2.058/rm /Brq ratio will not be the same unless the density 
structure is homogeneous throughout the HII region. Therefore, lower electron densities 
predicted from radio measurements which would explain observed Hel 2.058 pm/Br-y val­
ues may just be a reflection o f local densities from which the different density indicators 
originate. A  techinque using density gradient distributions calculated from radio maps 
was used to determine a more accurate prediction o f the Hel 2.058pm /B r j  ratio in HII 
regions. Detailed studies were performed on two UCHII regions which revealed that the 
difference between Hel 2.058/xm /Brq ratio predicted for constant electron density and 
density gradient models was greater than observational errors. Such a density gradient
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could be a plausible alternative to microturbulence. However, all density distribution 
models have been produced with the simplifying assumption o f spherical symmetry. 
Therefore, appropriate density distributions need to be incorporated into any detailed 
HII region model and an integral over a realistic source geometry performed.
In chapter 6, Hel 2.058/rm /B rq observations focussed on starburst galaxies and giant 
HII regions in external galaxies. Near-infrared spectroscopic measurements o f the Hel
2.058 /rm /B rq ratio in a wide ranging sample o f star forming galaxies, giant HII regions, 
normal spirals, dwarf galaxies and ultraluminous IRAS galaxies, were presented.
Since the Hel 2.058¿¿m/Brq ratio was shown to be dominated by regions o f greater 
volume in chapter 5, lower density giant HII regions were expected to dominate the in- 
tegated emission from starburst galaxies. The observed Hel 2.058/zm /Br7 ratios were 
much lower than had been observed in compact and UCHII regions which upheld this 
assertion. Lower electron densities o f order ne =  102cm ~3 were found from optical colli- 
sionally excited forbidden lines, further evidence to validate the above assumption. How­
ever, even with the inclusion o f microturbulence, the observed Hel 2.058/¿m /B rq ratio 
in a number o f galaxies were still lower than the peak value at T ej j  ~40,000K. There­
fore, effective temperatures somewhat lower, or additionally higher than the turnover at 
T ej j  ~40,000K in Shields models were required for these objects.
A  subset o f galaxies for which optical data were well documented in the literature 
was analysed in more detail. This sample was predominantly comprised o f metal poor 
objects. Such galaxies are expected to have effective temperatures T ej j  >  40,000K and 
electron gas densities o f ne= 102cm~3. Thus, these objects enabled the turnover predicted 
in Shields models to be tested. The observed Hel 2.058/xm /Brq ratios suggested that 
most o f these objects have effective temperatures T ~ 4 0 , 0 0 0 K .  Three objects had 
comparatively lower ratios in agreement with Shields’ models above ~40,000K and the 
higher T e / /  values given in the literature.
Additionally, optical Hel data were acquired from the literature and H el/H /? models 
were constructed with the same formulation as the models o f chapter 2. Again, the 
decrease in the neutral helium to hydrogen fraction does not affect any Hel optical lines 
significantly. Comparison o f observed optical HeI/H/3 line ratios in general reaffirmed the
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prediction that these galaxies had effective temperatures T ej j  >40,000K. Lower values 
were not predominantly found for the three galaxies discussed above, ruling out lower 
T ej f  values for these objects. Thus, whilst the Hel 2 .058/rm /B ry or H eI(opt)/H /3 are 
each individually not very sensitive effective temperature indicators, the combination of 
optical and infrared H el/H I ratios enables T ej j  to be constrained using Shields models. 
If the discrepancy between the maxima o f the Hel 2.058/rm /Br7 ratios in chapter 2 and 
Shields’ models could be resolved accurate effective temperatures could be deduced from 
this method. Thus the question o f the masses o f stars and the IMF in our own galaxie^ 
and other galaxies could be readdressed.
7.1 Future work
This final result confirms that the models used in this thesis may be useful for effec­
tive temperature determination. Rather, than comparison o f Hel 2.058 gm  and Brq 
lines with optical Hel and H¡3 lines, where systematic differences between using different 
instruments may be significant and extinction corrections are vital, other infrared mea­
surements o f Ilel lines in the K window would be advantageous. The Hel 2.1137 singlet 
41S -3 1P line would be ideal if it could be separated from its equivalent triplet 2.1126 ^m 
line, shown to be complicated by optical depth effects, and the dominant component 
o f the 2.113^m blend. A resolution o f ~150km s-1 would be required. This is possible 
to acheive with the 150 1/mm and the echelle gratings on CGS4. There are also weak 
Hel 7F-4D (the equivalent o f Brq) lines which have been detected in the spectrum o f 
the UCHII region G29.96 as well as in the starburst galaxy NGC 5253 (Lumsden et al. 
1994). These lines arise from sufficiently high transitions that optical depth effects are 
not important. The greatest advantage is that all such near-infrared lines would probe 
to the same depth in the ionized gas as the Hel 2.058 pm  and Brq lines.
From chapter 6, it was shown that Shields’ models correctly predicted the behaviour 
o f the Hel 2 .058 /rm /B r7  ratio with effective temperature. The discrepancy between 
the maxima o f the Hel 2.058/rm /B r7  ratios in chapter 2 and Shields’ models must be 
resolved before such models can be used to determine accurate effective temperatures. 
It is important to be able to test the high temperature predictions o f Shields’ models
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against simpler geometry less phjucally complex HII regions. Such HII regions could 
be selected from the sample o f HII regions by Simpson and Rubin (1990), for objects 
observed to have significant S+++ emission. Observations o f Ifel 2.058 pm/Br-f ratios in 
planetary nebula, by DePoy and Shields (1994), are in qualitative agreement with the 
predicted decrease in the Hel 2.058/xm /Br7  ratio at high T ej j .
In chapter 4, it was seen how electron densities, effective temperatures and micro- 
turbulence remain uncertain parameters. Other methods to constrain electron densities, 
dealt with in chapter 5, represent a first step in extending the models to account for 
varying density distributions.
To investigate the effect o f microturbulence on the Hel 2.058/xm line in more detail, 
it would be necessary to examine the Hel line width over scales comparable to the mean 
free path over which absorption o f helium atoms takes place. For 584Â photons, which 
are responsible for pumping the Hel 2.058 pm  line, this scale length is o f the order 
o f 10~4" or less for the compact and UCHII regions studied in this work which have 
distances o f 2-20kpc. Such resolutions are only possibly achievable with long baseline 
radio interferometers. However, RR1 lines are weak even with sensitivities o f 0. 5"2 as 
can be seen from W ood and Churchwell (1991). Optical and infrared interferometry 
techinques have been proposed which would be capable o f detecting brighter Hel lines 
e.g. E.S.O. VLT project in Chile. In principle, infrared interferometry could be used to 
investigate microturbulent velocity fields in obscured HII regions.
FIR collisionally excited lines can be used to determine effective temperatures. Sev­
eral papers (e.g. Lacy et al. 1976, Laçasse et al. 1980, Pipher et al. 1984, and references 
therein) have been published which use the [Nell] (12 .8 /xm), [Arlll] (9 .0pm)  and [SIV] 
(10 .5pm)  mid-IR lines observable from the ground to predict T ej j .  Mid-infrared spec­
troscopic techniques can probe the youngest most obscured UCHII regions not even 
visible in the near-infrared. Such observations in starburst galaxies will be possible with 
the commissioning o f the new mid-infrared spectrometer “ Michelle” on UKIRT which 
will have a much greater spectral resolution than with the current mid-IR spectrometer 
CGS3. Since extinction generally decreases at longer wavelenths, mid-infrared emis­
sion will be measureable from regions nearer the nucleus o f starburst galaxies than even
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near-infrared measurements are able to sample.
Models o f the far-infrared line ratios o f [SIII] (19/xm )/[OIII] (52pm)  and [NIII] 
(57 //m )/[N II] (122 or 205 ^m) as a function o f T ej f  have been constructed by Rubin 
et al. (1994). Only the [SIII] (1 9 pm)  line is observable from the ground. New or 
forthcoming space observatories such as ISO and SIRTF present opportunities to detect 
FIR fine structure lines which are difficult or impossible to detect with ground-based 
telescopes. SOFIA is a new proposed infrared airborne observatory envisaged to replace 
the KAO. SOFIA is planned to contain a 2.5m telescope which will achieve far greater 
resolutions than the existing 91cm telescope on the KAO.
Evans and Dopita (1985) have similarly produced diagnostic diagrams o f bright opti­
cal forbidden lines vs. T ej j .  They have produced an extensive photoionization/radiative 
transfer code which would enable similar diagrams o f forbidden infrared lines ratios as a 
function o f T ej j .  Such lines would be observable from giant, compact and UCHII regions 
and not as prone to large extinction corrections as optical transitions. CLOU DY (Fer- 
land 1993) could be used to make similar predictions. Initially, model Hel 2.058/m r/Br7 
ratios were constructed by DPJ to circumvent the problems associated with using FIR 
forbidden lines, namely the uncertainies in the atomic data and abundances for the 
heavier complex species. There is still a great need for accurate atomic data for heavier 
elements.
A  combination o f both effective temperatures determined from FIR forbidden lines 
which are fairly insensitive to electron density and temperatures and effective temper­
atures from the simpler Hel and HI atoms should enable effective temperatures to be 
determined in HII regions in our own and other galaxies. Theoretical modelling needs 
to be further developed before this can happen since complications arise in the interpre­
tation o f measurements o f different ionized species in which the emission emanates from 
different volumes within the HII region (Rubin 1986).
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A B S T R A C T
We have measured the line fluxes of Hei 2.058 pm and Bry 2.165 pm from ultra­
compact (UC) H n regions excited by stars of spectral types 0 4  to B l. The ratio of 
these two lines is compared with theoretical predictions of the dependence of this 
ratio on the effective temperature of the exciting star(s) for electron densities of 
nc =  102, 104 and 106 cm '-1. From our observations, the Hei 2.058 pm /Bry ratio is 
approximately constant over this range of spectral types. Our observations are in 
good agreement with the theoretical model of Doyon, Puxley & Joseph for an 
electron temperature and density of 7j = 5 x 103 K, nc =  104 cm 3 and a Galactic 
helium abundance of 0.1. Alternatively, for an electron temperature and density of 
Te =  104 K and ne =  104 cm "3 the He t linewidth must be increased from its Doppler 
value of 6 km s " 1 to about 17 km s " ', e.g. by turbulent motions of the ionized gas, to 
be consistent with our observations.
We also consider the role of telluric CO , absorption on the He i recombination line 
at 2.058 pm. Because of the intrinsic narrowness of the Hei line (20-40  km s~ ’ ) the 
percentage of He i line flux removed varies as the Earth revolves. For the observations 
presented here, up to 36 per cent of the He i line is absorbed before it reaches the 
telescope.
Key words: H n regions -  infrared: stars.
1 INTRODUCTION
The ratio o f the infrared recombination lines o f He i
(2 'P -2 'S ) 2.058 pm 1 and B ry  2.165 p m 1 in H u  regions has
been modelled by Doyon, Puxley &  Joseph (1992, hereafter
DPJ). This ratio is a measure o f the relative number o f helium
to hydrogen ionizing photons, which is strongly dependent 
on the effective temperature o f the exciting source and hence 
on its mass. This strong mass dependence means that the 
H e i 2.058 p m /B ry  ratio integrated over the stellar popula­
tion should be a strong function o f the upper mass lim it, M u, 
of the in itia l mass function (IM F ), whilst remaining fairly 
insensitive to the lower mass lim it, M, (DPJ). There is 
mounting evidence (e.g., see the review by Scalo 1989) that 
the IM F  in some starburst galaxies is inconsistent w ith that in 
the solar neighbourhood, the lower mass cu t-o ff being 
markedly higher, ~ 3 -6  M 0. As Scalo concludes, this result 
is invalid if  the upper mass lim it o f the starburst IM F  has 
been underestimated, because the upper and the lower mass 
limits are dependent parameters. I f  M u is increased suffi­
ciently, then AJ, can be decreased to the extent that an IM F
with M, comparable to the solar-neighbourhood value o f 
0.1 M 0 is perfectly plausible in these starburst galaxies. O ur 
aim in this series o f papers is to examine the dependence o f 
the He i 2.058 p m /B ry  ratio on effective stellar temperature 
fo r less complex, unevolved H ii regions in our own Galaxy, 
and to quantify modifications to the ratio due to density, and 
line and continuum radiative-transfer effects.
O ther transitions, such as the m id-infrared, fine-structure 
lines [S iv] 410.52 pm, [A rm ] 49.0 pm and [Nen] 412.8 pm 
(A itken et al. 1982), and the optical fine-structure lines [O hi] 
444959, 5007 and H (3 (Campbell, Terlevich &  M elnick 
1986), have been used as sim ilar diagnostics to constrain 
stellar effective temperatures. Advantages o f the H e i 2.058 
p m /B ry  line ratio are as follows: (i) both lines are close in 
wavelength and lie in the K  w indow where dust extinction is 
an order o f magnitude smaller than at visual wavelengths, (ii) 
the lines are intrinsically bright, the H e i 2 1P level being 
boosted by the 11S—2 1P 0.0584-pm  resonance-line 
transition, and (iii) the variation in the helium abundance
'The wavelengths quoted are in air.
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throughout the interstellar medium is less dramatic than that 
o f the heavier elements (e.g. Rayo, Peimbert &  Torres- 
Peimbert 1982).
In this paper, we present observations o f the H e i 2.058 
p m /B ry  ratio in a sample o f UC  H n regions in order to 
examine radiative-transfer and density effects on the 
theoretical models. Section 2 describes the observational 
details; Sections 3 and 4 examine the corrections fo r the 
effects o f te lluric absorption on the He t line flux and dust 
extinction towards each source, respectively. In Section 5, 
the theoretical models are described, and the effects of 
collisional excitation and internal dust on the H e i 2.058 pm / 
B ry  ratio are discussed. In Section 6, the results o f the 
observations o f UC H n regions are compared with these 
models.
2 OBSERVATIONS AND DATA REDUCTION
The UC  H n regions observed and their equatorial co­
ordinates are given in Table 1. They were selected from  an 
extensive V L A  survey at 5 and 15 G H z by Wood &  Church- 
well (1989) so as to sample the range o f spectral types o f the 
ionizing stars fo r U C  H n regions, namely 0 4  to B l.  Infrared 
spectra o f the U C  H u regions were obtained on the 3.8-m 
United Kingdom Infrared Telescope (U K IR T ) on the nights 
o f 1990 September 2 and 3. Observations were made w ith 
the cooled grating spectrometer CGS2, using a circular 
aperture o f 5 arcsec. The 633 line m m "1 grating provided an 
instrumental resolution at 2.2 pm o f ~ 730, o r 400 km s " '. 
The observations were sky-subtracted by nodding the 
telescope 30 -40  arcsec o ff the source, to a position deter­
mined from  previous infrared imaging so as to be free o f 
emission from  surrounding sources. The on-chip exposure 
time was 1.5 s fo r each o f the 21 grating positions covering 
the range 2.0 to 2.2 pm, and the spectra were sampled three 
times per resolution element.
Subsequent observations were obtained on the night of 
1991 June 23 w ith the newly commissioned cooled grating 
spectrometer CGS4 (M ountain et al. 1990), which has a 
5 8 x 6 2  InSb pixel detector array. A t 2.2 pm, the resolving 
power o f CGS4 w ith the 75 line m m "1 grating and 150-ntm 
focal length camera is ~  340, o r 900 km s" *. To ensure that 
the spectra were fu lly  sampled, the detector was stepped four
Table 1. Object list.
Object Equatorial Coordinates Distance
a(1950) ¿(1950) kpc
G5.48 17 55 58.65 -24 20 43.24 14.3
G5.97 18 00 36.44 -24 22 53.74 1.9
G15.04 18 17 31.68 -16 12 57.94 2.1
G29.96 18 43 27.07 -02 42 36.46 9.0
G35.20 18 59 14.05 01 09 03.12 3.2
G43.89 19 12 02.82 09 17 19.10 10.3
G45.07 19 11 00.42 10 45 42.87 9.7
G45.12 19 11 06.24 10 48 25.82 9.5
times over two pixels fo r the wavelength range 2.0-2.4 pm. 
The offset positions fo r sky-subtraction were 30 arcsec west. 
The spectra were flat-fielded by observation o f a blackbody 
at 1073 K, taken w ith the same instrumental configuration as 
the astronomical targets. Wavelength calibration accurate to 
0.002 pm was carried out, using observations o f atmospheric 
O H  emission lines. The final spectra were obtained by 
summing the central five detector rows along the slit to give a
3.1 x  15.5 arcsec2 synthesized aperture.
The conventional method fo r correction o f the instru­
mental response and atmospheric absorption is to divide the 
object spectrum by that o f a standard star, and then to 
m ultip ly by a blackbody w ith effective temperature appropri­
ate to that o f the spectral standard, so as to remove the 
coarse spectral shape o f the star. To this end, the spectro­
scopic standards listed in Table 2 were observed at regular 
intervals between source observations, so that airmass varia­
tions were minimal. A-type stars were chosen because, apart 
from  their B ry  absorption lines at 2.165 pm, they have 
featureless spectra in the K  window. These B ry  absorption 
lines were removed from  the stellar spectrum by interpola­
tion. I f  not already known, the magnitude o f the spectro­
scopic standard was determined by comparison of its 
spectrum with that o f a flux standard, observed on the same 
night and close in airmass.
However, the H e i line lies amidst strong C O , telluric 
absorption around 2.06 pm. D ivision by the spectroscopic 
standard w ill correct the continuum around the He i 2.058 
pm line, but not the line itself which is intrinsically extremely 
narrow (1 /1 0 -1 /4 5  o f the resolution o f the spectrometer for 
CGS2 and CGS4, respectively). The correction applied for 
this effect is discussed in more detail in Section 3.
The H e i and B ry  recombination lines were fitted with 
Gaussian profiles in the case o f the CGS2 data, and triangu­
lar profiles fo r the CGS4 data (the convolution o f the slit on 
square pixels), which are good approximations to the instru­
mental profiles. Both lines were fitted simultaneously with 
the same best-fitting F W H M , since the change in dispersion 
w ill be negligible (^0 .001  pm) between the two lines. The 
spectra are shown in Figs 1(a)—(j).
3 CORRECTION FOR ATMOSPHERIC 
ABSORPTION
The molecules C O ,, H 20  and O z in the Earth ’s atmosphere 
are responsible fo r the presence o f several strong absorption 
bands at infrared wavelengths. In  the K  w indow there is a
Table 2. Standard star list.
Name Equatorial Coordinates K mag Spect
a(1950) ¿(1950)
BS 6746 18 02 34.5 -30 25 46.5 0.66 KOIII
BS 6798 18 08 16.8 -19 51 16.3 A4V
BS 7314 19 14 38.2 38 02 41.6 1.66 KOIII
SAO 104272 18 53 53.7 18 02 29.0 K2I
SAO 104728 19 17 32.0 11 26 28.6 A2
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F i g u r e  I .  K -band spectra of ultracompact H 11 regions, (a)-(f) are observations taken with CGS2, and (g)-(j) are subsequent observations taken 
with CGS4.
C 0 2 absorption feature at 2.06 pm. A t high resolution, this 
absorption feature consists o f a host o f sharp, individual 
lines, corresponding to rotational transitions w ith in the 
C 0 2 molecule. From radio recombination line (RRL) 
measurements o f the UC  H u  regions at H 7 6 a , H 9 0 a  and 
H I 10a (Downes et al. 1980; W ink. A ltenho ff &  Mezger 
1982; Wood &  Churchwell 1989), assuming that R RL 
broadening is dominated by processes other than thermal 
motions (see Section 6), we infer that the intrinsic w idth o f 
the H e i 2.058-pm emission line is ~ 20 -4 0  km s-1 , which is
only 2 -4  times greater than the width, and only 3.5-4.5 times 
less than the separation o f the individual te lluric lines which 
comprise the C 0 2 absorption feature at 2.06 pm. The instru­
mental resolution, 400 km s“ 1 fo r CGS2 and 900 km s " 1 fo r 
CGS4, is such that the individual C 0 2 lines are heavily 
smoothed when convolved w ith the instrumental profile. 
However, since the atmospheric transmission affecting the 
line is a rapidly varying function o f wavelength, the amount 
o f He i line absorption w ill depend critically on the relative 
radial velocity o f the Earth and H  ii region (cf. the analysis o f
500 R. M. Doherty et al.
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Figure 1 -  continued
the He i 1.083-pm line by Kingdom &  Ferland 1991). For 
example, i f  the H e i emission line coincides w ith that o f a 
te lluric line, then a substantial amount o f the He i line flux 
w ill be absorbed before reaching the telescope, whereas, if  
the He i line falls between absorption lines (spacing interval 
90 km s ' 1), an insignificant amount o f the line flux w ill be 
absorbed before reaching the telescope. A t the resolution 
employed, the smoothed transmission would have the same 
value in both cases, thus making it impossible to differentiate
between these two extreme cases; in  the firs t instance the flux 
replaced on division by the standard w ill be underestimated, 
and in the latter overestimated. Therefore, to calculate 
accurately the amount o f flux lost on transmission through 
the atmosphere, it is necessary to know the H e i linewidth 
and the radial velocity o f the source. The date o f the observa­
tion must also be known, because a given He i emission line 
w ill shift by up to 30 km s_ *, w ith respect to the te lluric lines, 
as a result o f the Earth ’s orbita l motion.
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The method employed to estimate the percentage o f H e i 
flux absorbed fo r each U D  H n region was as follows.
(i) A  synthetic H e i emission line was generated w ith a 
FW H M  derived from  radio recombination line (RRL) 
observations fo r each U C  H  n region; H I  10a (Downes et al. 
1980), H 7 6 a  (Wood &  Churchwell 1989), and H 76a  and 
H90a (W ink et al. 1982). Comparison o f R R L linewidths o f 
H40a, H50/3 and H e40a by Gordon &  Walmsley (1990) fo r 
a sample o f H  n regions shows the He i recombination line­
widths to be sim ilar to  the H  i linewidths.
(ii) The radio recombination line local standard o f rest 
(LSR) velocities were transformed into geocentric velocities 
fo r the date o f the observations, so as to discern the D oppler- 
shifted position o f the H e i line (see Table 3). This transfor­
mation involved the resolution o f two separate velocity 
components in the direction o f the object, that o f the Sun 
w ith respect to the LSR (w ith standard solar motion), and 
that o f the Earth around the Sun.
(iii) The atmospheric transmission spectrum around the 
wavelength o f the He i line was generated from  a radiative- 
transfer model using the program h i t r a n ,  originally
502 R. M. Doherty et al.
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Figure 1 -  continued
developed by the US A ir  Force Geophysical Laboratory, giv­
ing the transmission profile appropriate fo r Mauna Kea. The 
telluric line shape, characterized by a Voigt profile, is a con­
volution o f collisional broadening by air molecules and ther­
mal broadening, and is a function o f column density. The 
latter varies w ith the airmass, which was recorded fo r each 
U C  H  it observation.
(iv) The synthetic H e i line was m ultip lied by the trans­
mission spectrum over the same wavelength range and, from  
integration under the incident and transmitted profiles, the
percentage o f He i flux lost by te lluric absorption was calcu­
lated fo r each U C  H  n region.
For the U C  H u  regions on the dates observed, the Hei 
line flux lost ranged from  5 to 36 per cent (Table 3). The 
errors on the R R L  values fo r the LSR velocity, hence on the 
wavelength o f the line centre, and the F W H M , were incor­
porated into the modelling to calculate the errors on the per­
centage flux lost (Table 3).
I f  we let F) be the helium line profile  and Tx the
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atmospheric transmission, then the atmospheric correction 




where the integration is performed over a wavelength range 
corresponding to about six times the R R L width. The factor 
T arises because the object spectrum has been divided by the 
spectral standard which corrects fo r the continuum flux lost 
due to te lluric absorption, and fo r the instrumental response. 
Consequently, the He i line in  the H  ii region spectrum has
already been divided by the smoothed atmospheric trans­
mission in the standard around 2.058 pm. Therefore a 
further correction factor, T  (found to be in  the range 
0.82-0.86), representing this average percentage atmos­
pheric transmission in  the standard at 2.058 pm, must be 
applied.
4 CORRECTION FOR DUST EXTINCTION
The dust extinction to an H  n region can be calculated by 
comparing the observed B ry  line flux w ith the value inferred 
from  the free-free radio flux density using hydrogen
Table 3. Atmospheric corrections.
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G5.48 22.9 39.3 5±1
G5.97 3.5 19.8 23Í2
G 15.04 11.5 24.7 13±3
G29.96 95.3 102.6 26±4
G35.201 47.9 23.8 13±6
G43.891 52.5 26.1 10±7
G45.071 47.7 21.3 18±3
G45.12 58.7 59.6 10±2
G45.122 58.7 22.6 17±2
G45.121 58.7 32.3 11±3
'Taken with CGS4, 1991 June.
2Repeat observation, taken with CGS2, 1990 
May.
Table 4. The He i 2.058 pm /B ry ratio in UC H u regions.
Object 05GHz c * Br7 flux 
X l0 - ,6 W m -2
HeIA2.058/Br7 ratio 
Observed Corrected
G5.48 0.13 1.21 2.15Í0.09 0.761 0.823Í0.072
G5.97 0.30 1.17 14.9Í0.1 0.564 0.688Í0.032
G15.04 0.77 1.11 8.19Í0.08 0.790 0.858Í0.044
G29.96 0.20 1.26 24.9Í0.1 0.681 0.997Í0.048
G35.201 0.10 1.55 2.30Í0.19 0.610 0.891Í0.122
G43.891 0.10 1.25 4.79Í0.06 0.697 0.788Í0.052
G45.071 0.63 1.52 0.84Í0.05 0.545 0.820Í0.108
G45.12 0.40 1.24 44.6i0.10 0.698 0.799Í0.041
G45.122 0.40 1.20 65 .Ü 0 .5 0.695 0.838Í0.029
G45.121 0.40 1.19 75.O i l .4 0.857 0.929Í0.038
'Taken with CGS4, 1991 June.
2Repeat observation, taken with CGS2. 1 990 May.
recombination theory. Wood &  Churchwell (1989) 
measured the free-free flux densities integrated over the 
source, fo r their large sample o f U C  H n regions at both 5 
and 15 GHz. Relation o f the number o f Lyman continuum 
photons to the free-free integrated flux density Sv, fo r an 
electron temperature and density o f Tc =  104 K  and nc =  104 
cm -3 respectively, and a ratio o f recombinations to B ry  
photons N Lyc/NBry~ 7 0  (Hummer &  Storey 1987), gives a 
theoretical B ry flu x  (Rubin 1968) of
/'Bh“  =  8.25 x  10" ( 1)
The dust optical depths at B ry  o f the UC  H u  regions 
ranged from  r B =  1.1 to 4.9. From the B ry  extinction values, 
by application o f the interstellar extinction curve o f Draine 
(1989) which assumes a power law w ith spectral index 
—  1.75 in the range 0 .7-5  pm, Ck, the differential interstellar 
extinction correction factor between H e t (2.058 pm) and 
B ry  (2.165 pm) was calculated. For Te =  104 K, Ck proved to 
be in the range 1.11-1.55 (Table 4); fo r an electron tempera­
ture o f 5 x 103 K, Ck would be reduced by a factor o f 0.96.
The resultant H e i 2.058 p m /B ry  ratios and their errors, 
corrected fo r extinction and atmospheric absorption, are 
given in Table 4.
if  the free-free continuum is optically thin. This is not the 
case fo r U C  H n regions, which are optically th ick at 5 GHz 
and marginally so at 15 G H z (see Table 4). In  the case o f 
finite optical depth, equation (1) becomes
/ ‘Bhre;= 1 . 0 8 x  10“ 14
jy
(2)
The free-free optical depth was calculated from  the flux 
densities given by Wood &  Churchwell (1989) fo r each UC  
H  ii region. A t high spatial resolution, these V L A  obser­
vations may resolve out extended emission, resulting in an 
underestimate o f the total flux density and an optical depth 
weighted towards the compact regions o f the source. Such 
extended emission might be detected in  our lower resolution 
infrared observations, resulting in  an underestimate o f the 
extinction. However, we do not expect this effect to be a 
significant problem fo r most o f the regions in  our sample, 
which are dominated by a central source, w ith the possible 
exceptions o f G5.48 and G5.97 which have a core-halo 
morphology. Assuming purely foreground extinction, the 
dust optical depth may thus be calculated from  the observed 
and predicted B ry  emission:
/ í ; = C e ' " " .  (3)
5 M O D E L  He l / B r y  LINE F L U X  R A T I O S  
5.1 The basic models
The theoretical H e i 2.058 p m /B ry  ratio fo r stellar effective 
temperatures ranging from  25 000 to 50 000 K, equivalent 
to  spectral types o f B l - 0 4 ,  has been modelled by DPJ. For 
stars w ith these spectral types, they determined fluxes for the 
helium and hydrogen ionizing photons, using the Kurucz 
(1979) stellar atmosphere models. The Lyman continuum 
flux is roughly described by a steep power-law function of 
the mass [N Lyc oc m a). For stars w ith masses in the range 
10-40 M 0 , corresponding to effective temperatures in the 
range 22 500-41 000 K, the index a  is ~ 7 and ~ 11 for H 
and He, respectively (Puxley 1988). The relative helium to 
hydrogen ionizing fluxes, and hence the H e i 2.058 pm/Bry 
ratio, are therefore a strong function o f the stellar mass. The 
equations derived by DPJ fo r the line flux as a function of 
ionizing photon flux are
A l e  I ¿2 .058  ^ L y c  a B ( H  ) O tH e l A2.I
J B r  y
A _____
< c a B(He
AB r y
* B r y 2  H e I 12.0
(4)
R He+ < R h + ,
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where R llc* and R ir are the radii o f the helium and hydrogen 
ionized zones, respectively. N \ _ i s  the relative number 
of helium and hydrogen ionizing photons and NHJ N H is the 
helium abundance. a B(H + ) and a B(H e+) are the total 
recombination coefficients fo r hydrogen and helium (case B), 
respectively. a HclA21l5s and a Hr), are the effective recombina­
tion coefficients o f the He i 2.058-pm and B r y transitions.
The radii o f the two ionized zones 7?He+ and /?n+ coincide 
at a critical stellar effective temperature when the photons 
emitted from  the recombination o f helium dominate the 
ionization o f hydrogen, and hence the H e i 2.058 p m /B ry  
ratio saturates. As can be seen from  equation (5), above this 
saturation temperature the ratio is solely dependent on the 
helium abundance.
Values fo r the hydrogen and helium recombination co­
efficients are given in Table 5 fo r electron temperatures of 
7) =  1()4 K and 5 x 103 K and densities o f nc =  102, It)4 and 
10fi c m '3. Inferred values o f 7’ fo r the sample U C  H n 
regions are given by Wood &  Churchwell (1989) and Downes 
et al. (1980), and lie in the range 6000-10  830 K, with 
uncertainties o f up to 2500 K. Similarly, electron densities 
inferred by Wood &  Churchwell (1989) from  peak radio flux 
density measurements lie in the range nc =  104— 10^ c m '3.
Values fo r the a HeU2.0 5n effective recombination co­
efficient are derived from  recent He i recombination line 
spectrum models by Smits (1991), who tabulates the line 
strength o f H e t 2.058 pm relative to H e i 4472 À . The 
aHe i A2 058 effective recombination coefficient is the re­
combination coefficient from  all levels to the 2 1P singlet 
level, m ultiplied by the fraction o f those atoms that 
radiatively decay to the 2'S level, emitting a 2.058-pm 
photon.
For electron densities applicable to U C  H n regions given 
above, the 2 1P singlet level population is substantially 
enhanced by collisions from  the metastable 23S trip le t level. 
This mechanism has been included in the Smits models, and 
is discussed in detail in Section 5.2. As a consequence, the 
effective H e i 2.058-pm recombination coefficient, unlike 
that o f B ry , is highly density-dependent (Table 5).
Atom s in the 2 'P state decay w ith a probability o f 0.999 to 
the ground state ( l 'S )  w ith emission o f a line photon at
0.0584 pm. The resonance line photon w ill either be 
prom ptly reabsorbed by a neighbouring helium atom and 
return to the 2 1P excited level o r ionize a neutral hydrogen 
atom. In the absence o f dust, approximately one-third o f the 
0.0584-pm photons are absorbed by hydrogen, whilst two- 
thirds are scattered by helium atoms, ultimately to populate 
the 2 1S level, via emission o f a 2.058-pm photon. To account 
fo r this process, the H e i 2.058-pm recombination co­
efficients, derived from  Smits and given in Table 5, have been 
multiplied by a factor o f 2/3. Comparison w ith the hydrogen 
ionization rate derived from  the Kurucz (1979) model 
atmospheres implies that the total number o f hydrogen- 
ionizing photons is increased by a negligible amount, and 
thus the B ry  flux is unaffected.
Figs 2 and 3 show the theoretical H e i 2.058 p m /B ry  ratio 
versus stellar effective temperature fo r two electron tempera­
tures, 7), =  104 and 5 x 103 K respectively, calculated from  
equations (4) and (5). The three solid model curves represent 
the low-density case, nc =  102 c m '3, the high-density case, 
/¡e= 1 0 A c m '3, and an intermediate density case, ne =  104 
cm -3. The last value is most representative o f the densities o f 
the UC H ii regions (Wood &  Churchwell 1989). For an 
assumed Galactic abundance o f NHc/NH =  0.1, the He and H 
ionizing zones coincide near the effective stellar temperature 
o f 38 000 K  (0 7  star). In Fig. 2, fo r an electron temperature 
o f 7 /=  104 K, the He i 2.058 p m /B ry  ratio saturates at ratios 
o f 0.80 (ne =  102 cm -3 ), 1.28 (ne= 1 0 4 cm -3) and 1.55 
(nc =  106 cm -3 ) in the three cases. Corresponding saturation 
ratios fo r Tc =  5 x  103 K (Fig. 3) are 0.68, 0.82 and 0.96, 
respectively.
We note that, i f  hydrogen were relatively more ionized 
than helium in the H e + zone, then helium atoms would 
reprocess almost all o f the 0.0584-pm photons, and the 
fraction o f atoms that are de-excited to the 2*S state would 
be much closer to unity. In  this case, the curves labelled 
ne =  102 cm -3 and n e =  104 cm -3 would saturate at values o f
1.2 and 1.92 (1.02 and 1.23), respectively, fo r 7 /= 1 0 4 K 
(7). =  5 x  103 K).
5.2 Effects of collisional excitation
Above a critical density o f 4 -6  x  103 cm -3, the trip le t 23S 
(metastable) He i level is preferentially collisionally excited to 
the 2 1P and 2'S levels (Osterbrock 1989), rather than under­
going single-photon decay at 19.8 eV to the ground state. 
This w ill enhance the population o f the H e i 2 'P  level, and
Table 5. Recombination coefficients for H i and He i.
Recomb, coeff T e=104K T e= S x l0 3K
cm _3s_1 ne =  102cm 3 ne=104cm-3 ne =  106cm 3 ne=102cm-3 ne=104cm-3 ne= 106cm-3
M H + ) 1 2.59X10"13 2.59X 10-13 2.59X10-13 4.54X10"13 4.54X10"13 4.54X 10"13
astH e4-)1 2.73X10-13 2 .73X 10-13 2.73X10"13 4.34X 10-13 4.34X10"13 4.34X10-13
« f i r - , 2 3.74X10-15 3.71 x lO "15 3 .63x l0~15 7 .9 0x l0 _ls 7.85X10-15 7.68X 10-15
a / / e / A 2 . 0 5 8 3 4.25X10-14 6.78X10“ 14 8.03X10-14 7.68X10-14 9.16X10-14 1.05X10"13
1 Values from Osterbrock (1989). 
2Values from Hummer & Storey (1987). 
3Values from Smits (1991).
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Figure 2. The He i 2.058 pm/Bry ratio versus stellar effective temperature for an electron temperature of Tc = 104 K and densities of nc = 10:, 
nc =  104 and nc = 10'’ c m '3. The dashed curve represents the line ratio for dusty H n regions for nc = 104 cm" 3. All curves are calculated for a 
Galactic helium abundance of 0.1. Te„ is estimated from Nlyc (filled circles) and Lm (open circles) appropriate to single stars, and Nl yc/Lm (filled 
triangles), appropriate to a cluster of stars. Error bars (la ) show the uncertainty in the He l 2.058 pm/Bry ratio after correction for extinction 
and telluric absorption.
thus increase the H e i 2.058 p m /B ry  ratio. To examine the c m '3 in Figs 2 and 3 represents the effect o f collisional
importance o f this mechanism, treated in detail by Smits excitation on the He i 2.058 p m /B ry  ratio.
(1991), consider an H  ii region w ith an electron temperature 
and density o f 7)1=104 K  and nc= 1 0 4 c m '3. Osterbrock
estimates that o f all 23S to singlet collisions, 72 per cent o f otoiomzation
the 23S depopulation, 17 per cent lead to population o f 2 'P. Photoionization from  the 23S level may be an important
The fraction o f all helium recombinations to singlet and process, since it can decrease the 23S population. Clegg &
trip le t states are in the ratio 1:3, and approximately two- Harrington (1989) have investigated this mechanism in
thirds o f all singlet captures lead to 2 'P. The enhancement o f various planetary nebulae, and show photoionization by Lya
the He i 2.058 p m /B ry  ratio is therefore given by to be the most dominant photoionization process. Their
equation (12) gives the ratio o f 23S depopulation by photo- 
recombination to 2 P+collis ions from  2 S ionization by L y a  compared w ith collisions to singlets. The
recombinations to 2 'P  line intensity o f L y a  is governed by the rate o f destruction of
these photons by dust. Using the dust parameters from  DPJ, 
_ 4 x  3 +  4 x  0-17 x  0.72 __ ,g. corresponding to a dust-to-gas mass ratio o f 1 0 '2, a ratio for
|  x  f  ' the depopulation o f 23S o f ~ 0.13 was obtained. For a dust-
to-gas mass ratio lower by a factor o f 10, Clegg &  Harrington 
In  a more detailed calculation, Smits (1991), using recent obtained a ratio o f 0.18. Since the fraction o f collisions from
collision cross-sections, finds an enhancement o f 1.58 fo r 23S to 2 'P is only 17 per cent o f to ta l collisions at Te =  104 K,
this temperature and density. For an electron temperature o f photoionization from  23S reduces the 2 'P  population by
Tc =  5 x  103 K , this factor decreases due to the dependence 0 .1 7 x 0 .1 3 ~ 2  per cent, and thus the effect on the He i 2.058
o f the collision cross-sections on Te. p m /B ry  ratio is also negligible. The extra ionizations will
The vertical displacement o f the curves labelled ne=  104 increase the number o f atoms recombining to the 2 'P  level.
cm -3 and nc =  106 cm -3 from  the curve labelled ne= 1 0 2 However, since the population Af(23S )/N (H e+) ~ 10-6 at-
2 104












Figure 3. The He i 2.058 pm/Bry ratio versus stellar effective temperature for an electron temperature of 7/ = 5 x 10’ K (symbols as Fig. 2).
ne= 1 0 4 cm -3 (Clegg 1987), this overall increase is 
negligible. Photoionization o f the 23S level w ill be studied in 
a follow ing paper, in which we examine the strength o f the 
Hei 43S -33P and 4 1 S—3 1P transitions w ith  respect to  H e i 
2'P-2'S.
5.3 Effects of internal dust
Wood &  Churchwell (1989) discuss evidence fo r the 
presence o f internal dust in U C  H n regions. The effects o f 
this dust are potentially two-fold. First, dust absorbs some 
fraction o f the helium and hydrogen ionizing photons. The 
dust photo-absorption cross-section peaks around 800 A 
(15.5 eV), much closer to the Lyman lim it fo r hydrogen than 
for helium, and thus dust competes predominantly w ith 
hydrogen in absorbing ionizing photons. As a result, the 
radius o f the Stromgren sphere fo r hydrogen w ill be smaller 
than i f  no dust were present, whereas the corresponding 
radius fo r helium w ill be relatively unaffected. Consequently, 
these radii w ill coincide, and hence the H e i 2.058 p m /B ry  
ratio w ill saturate, at lower stellar effective temperatures in a 
dusty H  n region.
The dashed curves labelled nc =  104 cm -3 in  Figs 2 and 3 
represent the H e i 2.058 p m /B ry  ratios recalculated fo r 
dusty H  ii regions, based on the models o f DPJ, fo r such an 
electron density. The effect o f dust w ith in  an H  n region is 
shown by the horizontal displacement o f the dashed curves 
from the solid curves. A t a density o f ne =  104 cm “ 3, dust has
a considerable effect on the line flux ratio, causing the He i
2.058 p m /B ry  ratio to saturate at a temperature o f about 
35 000 K (0 8  star). However, as pointed out by DPJ, the 
dusty model is highly sensitive to the dust-to-gas mass ratio. 
DPJ use a ratio o f 10“ 2, which is the value fo r the diffuse 
interstellar medium; models o f dusty H  n regions by Chini, 
Kriigel &  Kreysa (1986) and Hoare, Roche &  Glencross 
(1991) suggest that the dust-to-gas mass ratio is lower by a 
factor of about 10. In  this case, dust w ill have a considerably 
reduced effect on the H e i 2.058 p m /B ry  ratio (DPJ).
The second possible effect o f internal dust, which was not 
incorporated into the simple dusty H  n region models o f DPJ, 
is to alter the value o f the effective H e i 2.058-pm recombi­
nation coefficient from  its value in a dust-free environment. 
As discussed in  Section 5.1, in the absence o f dust, approxi­
mately one-third o f the 0.0584-pm photons are absorbed by 
hydrogen, whilst two-thirds are reprocessed by helium 
atoms. Using the dusty H  n region models o f DPJ, the 
absorption o f 0.0584 pm photons by dust has been investi­
gated further. These models assume the uniform  grain size 
d istribution o f Mathis, Rumpl &  Nordsieck (1977) including 
both silicate and graphite particles, fo r grains o f radii 0.005 
pm up to 0.25 pm, and a constant dust-to-gas mass ratio o f 
10“ 2. The mean free path o f a 0.0584-pm  photon before (a) 
absorption by a helium atom, at Tc =  104 K, ultimately result­
ing in population o f the 2'S level, (b) photoionization o f a 
hydrogen atom, and (c) absorption by dust were calculated. 
The mean free path lengths are approximately in the ratio
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1:2:6000; hence dust absorbs a negligible fraction o f 0.0584- 
pnr photons, and therefore has virtually no effect on the 
effective He t 2.058-pm recombination coefficient.
6 C O M P A R I S O N  W I T H  O B S E R V A T I O N S
To compare our observed He i 2.058 p m /B ry  recombination 
line ratios w ith the theoretical curves in Figs 2 and 3, the 
spectral type o f the exciting stars in the UC  H n regions must 
be determined. Both the radio and IRAS  fluxes from  these 
UC H n regions can be used to estimate the spectral types by 
comparison w ith models from Puxley (1989), obtained by 
integrating Kurucz (1979) model atmospheres and using the 
conversion between effective temperature, mass, radius and 
spectral type from  Landolt-Bornste in  (1982). The radio flux 
density yields a lower lim it to the number o f Lyman con­
tinuum photons AVvc (Wood &  Churchwell 1989), since dust 
inside the H n region can absorb a significant number o f 
ionizing photons. Integration o f the IRAS  fluxes fo r each UC 
H ii region gives the infrared luminosity, L IR. For compu­
tational sim plicity we have assumed the flux at A 1 mm to be 
the same as that at 12 pm in order to correct fo r the lum in­
osity outside the IRAS  bands. These values o f L m are in 
excellent agreement w ith those given fo r several o f the UC 
H ii regions by Chini, Kriigel &  Wargau (1987). The spectral 
type derived from  the IRAS fluxes w ill be an upper lim it, as 
the size o f the IRAS beam ( 5 x 3  arcm in2 at 100 pm) is much 
greater than that of a typical UC  H n region ( ~ 5 arcsec). The 
spectral types derived from  /VL and L m are given in Table 6, 
assuming that a single star is responsible fo r the emission.
Studies o f compact H u regions by Lacy, Beck &  Geballe 
(1982) and Hoare et al. (1991) conclude that such regions 
may be excited by a cluster o f stars. Therefore a th ird  
estimate o f the spectral type, i.e. the effective stellar tempera­
ture Teff, was evaluated fo r an H  ii region excited by a stellar 
cluster. The ratio o f NL /Lm, dependent only on the effec­
tive temperature o f the radiation from  the cluster, yields a 
lower lim it to the characteristic spectral type, because o f dust 
and the IRAS  beamsize. This lim it is in agreement to w ithin 
one subclass w ith the cluster temperature derived by Lacy et 
al. (1982) fo r G29.9, and 0.5 o f a subclass fo r 7).̂  derived by 
Hoare et al. (1991) fo r G45.12 from  analysis o f the mid- 
infrared, fine-structure lines. These values, which are lower
Table 6. Spectral-type estimates derived from 
observed properties.
Object IRAS (L /r ) Radio (N /,^ ) Nl^ / L / r
(single star) (single star) (cluster)
G 5.48 04.5 08 B0.5
G5.97 08 BO BO.5
G15.04 05.5 BO.5 B2
G29.95 04 05.5 09.5
G35.20 06 08 09.5
G43.89 06 07.5 08.5
G45.07 04 07.5 BO.5
G45.12 04 05 08.5
lim its fo r Tcff, are several subclasses lower than those found 
by assuming the emission to be from  a single source. The 
three estimates o f the effective temperature fo r each UC H i i  
region are shown in Figs 2 and 3. The dotted lines joining the 
estimates o f 7’ ff represent the uncertainty in the spectral 
types o f the exciting stars in the U C  H n regions.
The corrected observed H e i 2.058 p m /B ry  ratios from 
Table 4 are plotted in Figs 2 and 3 against the model 
curves (the data fo r Fig. 3 are scaled by the dust extinction 
factor appropriate to 7jj =  5 x  1 O ' K). For the U C  H ii region 
G 4 5 .12, data were obtained w ith both CGS2 and CGS4. The 
CGS2 data points are entirely consistent after atmospheric 
corrections are applied, and also consistent w ith the CGS4 
fluxes for He i and B ry  (difference o f 1.66a).
For an electron temperature o f 7). =  5 X 10 ' K (Fig. 3), the 
observed line ratios, w ith a mean value 0.81, are generally in 
good agreement w ith the predicted model fo r a density of 
ne =  104 cm “ '. For a gas temperature o f Tc =  104 K, as 
inferred fo r several U C  H u  regions by Wood &  Churchwell 
(1989) and Downes et al. (1980), the observed line ratios lie 
closer to the curve labelled nc =  102 cm “ 3 than to the curve 
labelled nc= 1 0 4 cm “ 3 (Fig. 2). This is surprising, because 
the densities o f these U C  H ii regions, discussed in Section 
5.1, lie in the range 1 ()4— 1 ()5 cm “ 3. One possible explanation 
is that there are large density variations throughout the UC 
H ii regions, so that the integrated He i 2.058 p m /B ry  ratio is 
much less than the He i 2.058 p m /B ry  ratio in the denser 
areas o f the UC H ii regions. However, Wood &  Churchwell 
(1989) have measured the electron densities fo r two o f these 
objects, using their integrated radio flux measurements, and 
found that these electron densities are o f the same order of 
magnitude as the peak flux density values. From the mean 
observed H e i 2.058 p m /B ry  ratios the predicted beam- 
averaged electron densities o f these objects would have to be 
~ 1 x  103 cm “ 3 fo r 7 /= 1 0 4 K. Analysis o f the long-slit 
CGS4 data fo r G43.89 suggests that the H e i 2.058 pm /Bry 
ratio varies across the source, being greatest at the central 
position and decreasing outwards, consistent w ith a gradient 
in electron density. However, when these observations were 
made, there was a small misalignment between the dispersion 
axis and the detector rows, which results in the He i and Bry 
lines being sampled at slightly different spatial positions; thus 
this result, whilst suggestive, must be regarded as only pre­
liminary. In  Fig. 2, the observed He i 2.058 p m /B ry  ratio for 
G5.97 is seen to be lower even than the predicted model for 
rte =  102 cm -3. We now consider other mechanisms which 
may alter the H e i 2.058 p m /B ry  ratio and account fo r the 
discrepancy between the observed values and the model pre­
dictions fo r UC H ii regions w ith Tc =  104 K  (Fig. 2).
Inspection o f the H  ii region models, as described by equa­
tions (4) and (5), reveals that the only parameters subject to 
significant uncertainty are N HJ N „  and a HclA2.(l58;
we consider these in  turn. N ^ c/N\lyc, the relative ionization 
rate o f helium to hydrogen, depends on the reliability of the 
stellar atmosphere models. Comparison o f different stellar 
atmosphere models by Skillman (1989) shows that the 
Kurucz models are in fa irly  good agreement w ith observed 
ionization distributions. However, it must be noted that the 
presence o f stellar winds may dramatically affect the 
emerging spectrum. A lthough the helium abundance NHJN H 
is less varied across the interstellar medium than that o f the 
heavier metals, there is still an abundance gradient through­
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out the Galaxy. For our observations at =  1 ()4 K to be 
consistent with the curve labelled nc =  104 cm \  the helium 
abundance would have to be ~ 0.07, a value that is less than 
the prim ordia l value; this possibility may therefore be dis­
counted.
The He t 2.058 p m /B ry  effective recombination 
coefficient, a Hoa2.n5K- has been discussed in Section 5.2, and 
the mean free paths o f a 0.0584-pm photon before absorp­
tion by helium and ionization by hydrogen were compared. 
The mean free path is inversely proportional to the absorp­
tion cross-section fo r a given electron density. The absorp­
tion cross-section at the line centre fo r a helium resonance 
line, a„, can be w ritten as
A is the Einstein coefficient, and A VD is the thermal D oppler 
width, which is ~ 6  km s_l fo r helium atoms at Te =  1()4 K. 
Assuming this w idth and electron temperature, comparison 
of mean-free-path lengths implies that two-thirds o f the 
photons from  the H e i 2 1P level are reprocessed by helium 
atoms, and one-third ionize hydrogen. However, the RRL 
width measurements o f the UC H n regions, at about 20-45 
km s~1 in a 2.6-arcmin beam, are considerably broader than 
the thermal width, and thus a further broadening process(es) 
is occurring. Possible mechanisms are: (i) pressure broaden­
ing due to electron impacts, (ii) bulk motions o f the ionized 
gas, and (iii) turbulence. In  their study o f G29.96, Wood &  
Churchwcll (1991) see no evidence o f (i), and Garay (1989) 
concludes that pressure broadening o f the H 7 6 a  R R L is 
negligible in their observations o f compact H  n regions. To be 
rigorous, a fu ll set o f radiative-transfer equations should be 
solved, incorporating the effects o f processes (ii) and (iii); 
however, we can examine the importance o f these 
mechanisms in a simple model.
Consider the scenario whereby further broadening o f the 
helium l 'S - 2 'P  resonance line is solely due to turbulent 
motions and thus a Gaussian d istribution remains 
appropriate. The effective D oppler w idth becomes
„2 2A:7 , , ,
Fd —  +  V  ,urb. (8)
m He
If  this process increases the linewidth to  ~ 17 km s~‘ , then 
only ~ 44 per cent o f the resonance line photons from  the 
He i 2 'P  level are reprocessed by helium. The value o f the 
H e i 2.058-pm effective recombination coefficient would 
therefore decrease by a factor o f ~  1.52, and the theoretical 
H e i 2.058 p m /B ry  ratio, fo r Tc = 1 0 4 K  and a Galactic 
abundance o f 0.1, would saturate at a value o f 0.84. This 
saturation value is in good agreement w ith our observed He i
2.058 p m /B ry  ratios (see Table 4).
To summarize, the observations o f U C  H ii regions are 
consistent w ith two possible models: (a) an H  ii region model 
fo r an electron temperature o f Tc =  5 x  103 K  and an electron 
density o f nc =  104 cm -3, assuming purely D oppler 
broadening, o r (b) an electron temperature o f Tc =  104 K  and 
an electron density o f ne =  104 c m "3, where line broadening, 
e.g. due to turbulence, is im portant on scales comparable 
with the 0.0584-pm  He i photon mean free path (1012 cm; cf. 
H  ii region radius o f ~ 1016 cm).
7 C O N C L U S I O N S
K-band measurements o f H e i 2.058-pm and B ry  recombi­
nation lines were carried out fo r a sample o f U C  H n regions 
w ith spectral types B 1 - 0 4 ,  and the results compared to 
theoretical predictions. We have investigated modifications 
to the models due to collisional excitation and radiative- 
transfer effects. The fo llow ing conclusions were drawn.
(i) O ur observed ratios are in good agreement w ith the 
theoretical H ii region model fo r an electron temperature o f 
7), =  5 x  103 K, an electron density o f nc =  104 cm ~3, and a 
Galactic helium abundance assuming purely thermal 
broadening o f the He i line. A lternatively, if  the intrinsic He i 
linewidth is broadened, e.g. by turbulent motions o f the 
ionized gas, to ~ 17 km sH , then, fo r an electron tempera­
ture o f 7/ =  104 K, an electron density o f =  104 cm - 3 and a 
Galactic helium abundance, the effective H e i 2.058-pm 
recombination coefficient and consequently the theoretical 
H e i 2.058 p m /B ry  ratio would decrease sufficiently to be 
consistent w ith our UC H ii region observations. The RRL 
measurements o f our observed U C  H ii regions are broadly 
consistent w ith the latter model, but small-beam 
measurements o f the He i 2.058-pm and B ry  linewidths are 
needed as a definitive test. W ithout further observations, it is 
not possible to distinguish between these models.
(ii) The He i 2.058 p m /B ry  ratio is not a good indicator o f 
effective temperature in U C  H ii regions, as the presence of 
dust can lim it the sensitivity to spectral types earlier than 
about 0 8 . Observations o f less dense H  ii regions, in which 
the complications due to collisional excitation may be 
neglected, and which are o f later spectral type, are required. 
Nevertheless, we note that the galaxies observed by DPJ have 
H e i 2.058 p m /B ry  ratios in the range 0.4-0.6, significantly 
less than fo r U C  H  ii regions; this suggests that a population 
o f such objects does not dominate the emission.
(iii) For observations o f the narrow He i line at 2.058 pm, 
the effect o f te lluric C 0 2 absorption must be calculated. For 
our observations, this absorption removed 5 -3 6  per cent of 
the H e i line flux fo r different U C  H u  regions. A s the 
intrinsic w idth o f the He i line is comparable w ith that o f the 
individual C 0 2 atmospheric lines, these amounts w ill vary 
throughout the year.
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